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Monitoring Cortical Response and
Electrode-Retina Impedance Under

Epiretinal Stimulation in Rats
Hui Xie, Member, IEEE, Yi Wang, Zixin Ye, Shiyi Fang, Zhen Xu, Tianzhun Wu,

and Leanne Lai Hang Chan , Senior Member, IEEE

Abstract— Retinal prosthesis can restore partial vision in
patients with retinal degenerative diseases such as retinitis
pigmentosa and age-related macular degeneration. Epireti-
nal prosthesis is one of three therapeutic approaches,which
received regulatory approval several years ago. The thresh-
olds of an epiretinal stimulation is partly determined by the
size of the physical gap between the electrode and the retina
after implantation. Precise positioning of epiretinal stimulat-
ing electrode array is still a challenging task. In this study,
we demonstrate an approach to positioning epiretinal pros-
theses for an optimal response at the cortical output by mon-
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itoring both the impedance at the electrode-retina interface
and the evoked-potential at the cortical level. We implanted
a single-channel electrode on the epiretinal surface in adult
rats, acutely, guided by both the impedance at the electrode-
retina interface and by electrically evoked potentials (EEPs)
in the visual cortex during retinal stimulation. We observe
that impedance monotonously increases with decreasing
electrode-retina distance, but that the strongest cortical
responses were achieved at intermediate impedance levels.
When the electrode penetrates the retina, the impedance
keeps increasing. The effect of stimulation on the retina
changes from epiretinal paradigm to intra-retinal paradigm
and a decrease in cortical activation is observed. It is
found that high impedance is not always favorable to elicit
best cortical responses. Histopathological results showed
that the electrode was placed at the intra-retinal space at
high impedance value. These results show that monitoring
impedance at the electrode-retina interface is necessary but
not sufficient in obtaining strong evoked-potentials at the
cortical level. Monitoring the cortical EEPs together with the
impedance can improve the safety of implantation as well
as efficacy of stimulation in the next generation of retinal
implants.

Index Terms— Epiretinal implant, retinal electrical stim-
ulation, electrode impedance, cortical response, primary
visual cortex, electrode-retina proximity.

I. INTRODUCTION

DEGENERATIVE retinal diseases can lead to significant
loss of vision. Retinitis pigmentosa (RP) is an outer

retinal disease in humans, characterized by the progressive
deterioration and functional loss of rod and cone photore-
ceptors. At present, there are no known effective therapies
for RP once photoreceptor cells are lost [1]. Early studies
suggest that there is severe remodeling in the retina includes
the ganglion cells [2], [3]. However, recent evidence shows
that some ganglion cells may retain their function [4], [5].
This suggested an opportunity to restore vision by bypassing
damaged photoreceptors and directly activating the remaining
inner retinal neurons. Visual implants offer a means to deliver
electrical charges to the retina through microelectrode arrays
placed adjacent to retinal neurons. Multiple clinical trials have
shown that partial visual function can be restored in RP
patients even years after the onset of complete blindness by
activating intact neurons in the retina [6]–[12]. Three retinal
implant systems received approvals from regulatory bodies
so far: Alpha IMS (subretinal prosthesis), Argus II (epireti-
nal prosthesis), and IRIS II (epiretinal prosthesis) [13]–[15].
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Electrode-retina distance is correlated with perceptual thresh-
olds and thus visual perception [16]–[19]. Though the correla-
tion between electrode-retina distance and electrical thresholds
of stimulation has been shown across numerous animal models
including mammals [20]–[22] and rodents [23]–[25], detailed
studies of a range of electrode-retina proximity and its impact
on cortical activation are limited.

Optical coherence tomography (OCT) is a non-invasive
imaging technique that has been widely used to estimate the
proximity between the retina and epiretinal implants [26]–[30]
in clinical settings. However, it is not easy to monitor insertion
depth with OCT during stimulation [19], [21], [31]. In vivo
impedance spectroscopy has been shown to be a robust mon-
itoring tool for characterizing retinal tissue [32], [33] and
assessing performance of electrode array [34]–[36]. Impedance
spectroscopy over a wide range of frequency was demonstrated
to be used as a post-implantation monitoring tool in a subreti-
nal study [37]. Several studies in animals [21], [23], [32], [38]
and humans [39]–[41] have reported that the impedance of a
stimulation electrode (the ratio between applied voltage and
resulting current) can be used to determine electrode-retina
proximity. Higher electrode-retina impedance is usually asso-
ciated with close proximity, likely due to the lower conduc-
tance of the adjacent retinal tissue than the electrolyte fluid
interfacing the electrode and the retinal surface [39], resulting
in a reduction in stimulation and perceptual thresholds.

The retinal proximity issue is found less prominent in
subretinal and suprachoroidal studies as the array is often sand-
wiched between tissue layers, showing promises on mechan-
ical stability [20], [22], [42]. Impedance spectroscopy over
a wide range of frequency was used as a post-implantation
monitoring tool in a subretinal study [37]. Estimating the
electrode-retina distance using impedance measurements in
epiretinal studies becomes more crucial as the array has a
tendency to drift towards the vitreous, resulting in an increase
in perceptual thresholds [19, 39]. Impedance was used as a
function of electrode location in the eye. In an early study,
Shah et al. demonstrated that electrode-retina impedance was
strongly influenced by the location of the electrode in the eye
and electrode diameter. Three epiretinal studies showed that
impedance could be used to precisely position the epiretinal
electrode on the retinal surface in rat models based on the
inverse proportionality between single-frequency impedance
and retinal proximity [23]–[25]. While impedance can be
used faithfully to position the epiretinal electrode (array) on
the retina, retinal compression remains undetected at high
impedance level. Majdi et al. [21] reported a stress distribution
profile during retinal compression by measuring the access
resistance of the retina using thinly insulated and thickly
insulated electrodes. Their study found that, during retinal
compression, thickly insulated electrode produced a small
increase in the access resistance while a thinly insulated one
produced additional increase in the access resistance, which
would make detection of the retinal surface more difficult.

Still, the detailed relationship between electrode-retina
impedance and cortical electrically evoked potentials (EEPs)
during epiretinal stimulation has not been systematically inves-
tigated. In the present study, we determined this relationship in

rats. We placed a single-channel electrode at different epireti-
nal distances in the rats’ eye and recorded EEP responses
in their primary visual cortex with an implanted 16-channel
recording array. Specifically, we aimed to characterize the
cortical activation as a function of electrode-retina impedance
and the electrode location in the eye by histopathology in a
rat model.

II. METHODS

A. Animals

Twelve adult Long-Evans rats (300–350g) were used
in the experiments, where seven rats were used in
Section III-A and III-B and the remaining five rats were used
in Section III-C. All animals were obtained from the Lab-
oratory Animal Services Centre of the Chinese University of
Hong Kong and kept on a 12h light/dark cycle. Food and water
available to them ad libitum. All experimental procedures were
approved by the Animal Subjects Ethics Sub-Committees of
City University of Hong Kong and the Health Department of
the Hong Kong Special Administrative Region.

B. Preparation for Epiretinal Electrical Stimulation

Rats were initially anesthetized by intraperitoneal injection
with a combination of Ketamine and Xylazine (Ketamine:
70 mg/kg, and Xylazine: 7 mg/kg; Alfasan International
B.V., Holland); anesthesia was maintained with isoflurane gas
using an anesthesia machine (SurgiVet, Smiths Medical PM,
Inc., USA) throughout surgery and neuronal recordings. Body
temperature was monitored and maintained at approximately
37.5◦C using a heating pad (Model # TP702; Gaymar indus-
tries, Inc., NY, USA). The rats were mounted in a stereotaxic
device. In preparation for surgery, several drops of tropicamide
(Mydrin-P, Santen Pharmaceutical Co. Ltd., Osaka, Japan)
were used to dilate the pupil of the stimulated eye. During
surgery and recording, eye gel (Lubrithal, Dechra Veterinary
Products A/S, Mekuvej, Denmark) was applied from time to
time to maintain moisture and clarity of the stimulated eye.

A 2 × 2 cm rubber membrane with a small incision site
in the middle was used to protrude one eye ball. In order
to facilitate the penetration with the stimulating electrodes,
a needle was used to cut the upper sclera close to the ventral
retina near the optic nerve (Fig. 1A). A stimulating electrode
was then inserted through the incision site with the assistance
of an articulated holder (Noga, Noga Engineering Ltd., Israel)
with calipers. To ensure that the tip of the bipolar concentric
stimulating electrode (Pt/Ir, diameter of 75 μm, FHC Inc.,
Bowdoin, ME, USA) was sufficiently close to the epiretinal
surface, changes in electrode-retina impedance were monitored
throughout the insertion process using a potentiostat (Refer-
ence 600, Gamry Instruments, Warminster, USA). The entire
insertion procedure was observed under a microscope. Similar
surgical procedures of electrode implantation and impedance
monitoring are detailed in previous studies [23], [24], [43].

C. Surgical Procedures for Recording

A midline incision was made in the scalp. A craniotomy
was then performed over the occipital lobe (∼2.5–5.5 mm
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Fig. 1. (A) Microscope image of the stimulation electrode captured during implantation. The stimulating electrode (black arrow) penetrates through
the upper sclera near the cornea. The upper white arrow points at the optic disc, where a number of blood vessels converge in a radial pattern. The
lower white arrow indicates the position of the electrode’s tip. The distance between the tip and the retina was observed by monitoring the impedance
of the stimulating electrode throughout the insertion. (B) Cortical location of the recording electrode array (not to scale). A 16-channel MEA (red dots)
was placed into the exposed visual cortex (grey area) in the occipital lobe (∼2.5-5.5 mm ventral and ∼4.5-7.5 mm bregma to posterior) contralateral
to the stimulated eye. The arrangement of electrodes in the recording array is shown in the 4 × 4 grid in the right bottom corner. The grey area
indicates the right primary visual cortex. (C) The retinal stimulation protocol: cathodic first, biphasic currents with 1 ms stimulating phase with an
interval of 1 s between S1 and S2 (at 1 Hz, no interphase gap). The stimulation amplitude was increased in steps of 10 µA from 10 µA to 200 µA.
(D) Insertion trace of an electrode tip of the recording array in visual cortex. Coronal section with 50x (left) and 100x (right) magnification. The long
hollow space indicated by a red arrow (right figure) is the insertion trace of the electrode. Insertion depth is about 900 µm.

lateral to midline and ∼4.5–7.5 mm posterior to bregma)
to access primary visual cortex contralateral to the stimu-
lated eye. The skull piece and dura mater were carefully
removed. For in vivo electrophysiological recording of retinal
electric stimuli, a 16-channel recording array (shaft length
of electrode: 3 mm, arrangement: 4 × 4, size of array:
1.2 mm × 1.2 mm; spacing: 400 μm; Clunbury Scientific
LLC., Bloomfield Hills, USA) was inserted into the exposed
visual cortex at a depth of 800–950 μm, layer IV to VI, using a
microdrive inserter (Micropositioner, David Kopf Instruments,
Tujunga, USA) (Fig. 1B). At least 60 minutes of recovery
time was allowed before electrode implantation and retinal
stimulation.

D. Impedance Measurement and Electrical Stimulation
of the Retina

In all experiments, a platinum-iridium stimulating electrode
(flat tip; diameter: 75 μm) was positioned in the ventral
sector of the retina using an articulated holder with calipers.
Then, electrode-retina impedance was adjusted in several
steps by moving the electrode tip towards retinal surface.
The insertion was interrupted at 5 k�, 6 k�, 7 k�, 8 k�,
10 k�, 12 k�, and 16 k� for retinal electrical stimulation
and verified after each stimulation session. All measurements

were performed with a potentiostat (Reference 600, Gamry
Instruments, Warminster, USA) using a 10-mV (r.m.s.) AC
sinusoid signal at 100 kHz. Tissue/electrolyte resistance dom-
inates the impedance at higher frequency [44], [45]. The rela-
tionship between impedance and electrode-retina distance was
evaluated in rats previously where impedance was measured
at 100 kHz in an epiretinal study as the impedances on the
real and imaginary components showed a resistive behavior at
high frequencies and a more capacitive behavior at lower fre-
quencies [23]. Similarly, intraocular impedance was measured
(from 10 Hz to 100 kHz) in cadaveric porcine as a function
of electrode location in the eye and electrode diameter [46].
Charge-balanced, cathodic first, biphasic currents (Fig. 1C,
from 10 to 200 μA, 1 ms/phase, scaled by 10 μA, each current
repeated 10 times) were applied to the epiretinal surface.
A number of attempts at positioning the electrode tip were
made and the data were analysed on-the-fly to ensure that
retinal stimulation could elicit a corresponding response in
primary visual cortex. At least two retinal stimulation trials
were performed at each level of impedance. The recovery
interval between trials was longer than 5 minutes to avoid
fatigue or damage to the retina. Current pulses were generated
by a stimulus generator (STG 2004, Multichannel Systems
MCS GmBH, Germany). The return electrode was positioned
above the eyelid.
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Fig. 2. A series of representative stimulus pulses of 10 current ampli-
tudes (20-200 µA) with 10 trials for each current level was applied to the
retina after positioning the stimulating electrode. The amplitude between
the two peaks (N1-P2) represents the peak-to-peak voltage, which was
measured for each current amplitude to obtain a representative value.
All data were from the same recording channel of the same Long-Evans
rat to one stimulation trial.

E. Characterization of Cortical Electrically Evoked
Potentials

Electrically evoked potentials (EEPs) were band-pass fil-
tered (1 Hz to 300 Hz) and amplified (A-M system, Inc.
Model 3600, UK) using a micro1401 data acquisition system
(Cambridge Electronic Inc., UK). Electrically evoked poten-
tials (EEPs) in response to electrical retinal stimulation were
recorded from the contralateral primary visual cortex. Fig. 2
illustrates a representative series of EEPs (20 to 200 μA)
recorded from one channel as the stimulating current intensity
was increased from 20 to 200 μA, in increments of 20 μA.
The waveform of each EEP consisted of several components,
i.e. P1, P2 and N1. EEPs were quantified as the peak-to-peak
voltage difference N1-P2.

F. Histology Examination

After completing the experiments, animals were euthanized
and the brains and retinas were removed for Nissl stain-
ing and Haemotoxylin and Eosin (HE) staining, respectively.
Both brain and retina slices were investigated under a Leica
DMI3000B microscope.

Nissil Staining
Brain tissue slices (30 μm thickness) were mounted on

slides and rehydrated with 1:1 ethanol/chloroform, 100% and
95% ethanol in distilled water. Then slides stained with 0.1%
cresyl violet (Lamb; London, UK) were submerged in distilled
water for 30 minutes. After immediately rinsing them in
distilled water, the slices were differentiated in 95% ethanol
for 20–30 minutes. Thereafter, each slide was dehydrated twice
for 5 minutes, using 100% ethanol, cleared twice in xylene for
another 10 minutes, and covered with DPX and a coverslip.

HE Staining
Paraffin-embedded eyes were prepared in coronal sections

(5 μm thickness) and incubated in an oven at 37◦C for
30 minutes. After dehydration in xylene, and rehydration in

70% to 100% ethanol, the cross sections were stained with
HE. After immediately rinsing in distilled water, the slices
were differentiated in 95% ethanol. Thereafter, each slide was
dehydrated for 10 minutes, using 100% ethanol, cleared in
xylene and mounted with turpentine.

G. Data Processing and Analysis

EEPs were acquired by Spike2 and analyzed in custom
Matlab scripts (Mathworks, Natick, MA, USA). The sum
of EEPs for all 16 channels was taken for each impedance
level and used to calculate the average and standard deviation
(SD). The statistical significance of the difference between
the maximal EEPs and the EEPs at other impedance level is
assessed by Student’s t-test and was indicated if ∗∗ p < 0.01
or ∗∗∗ p < 0.001. The impedance data presented in the table
were analyzed with mean ± SD.

III. RESULTS

A. Two Distinct Monotonic Relationships Between
Electrode-Retina Impedance and Cortical EEPs Before
and After 8 k�

Impedance values of each electrode were measured
3.86±0.07 k� and 5.28±0.15 k� in saline and in the vit-
reous respectively (at 100 kHz). EEPs were collected at
impedances (of the retinal stimulation electrode) of 5 k�
(5.28±0.15 k�), 6 k� (6.09±0.29 k�), 7 k� (7.03±0.28 k�),
8 k� (8.16±0.31 k�), 10 k� (10.04±0.40 k�), 12 k�
(12.03±0.51 k�) and 16 k� (15.88±1.10 k�) (Fig. 3). In the
vitreous body (initial position obtained by visual inspection
under a microscope) the impedance of the retinal stimulating
electrode was 5 k� and increased as the electrode tip was
advanced in steps towards to the retinal surface. As the
electrode tip advanced towards the retina, its impedance and
the cortical EEPs continually increased. However, when the
impedance value exceeded 8 k�, cortical EEPs in response
to retinal electrical currents show the opposite trend. Fig. 3A
shows that overall EEP yield progressively decreased at 10 k�,
12 k� and 16 k�. As for the comparison of summary
responses for all currents and all channels, EEPs at 10 k�
(p < 0.01, Student’s t-test), 12 k� (p < 0.001, Student’s t-test),
and 16 k� (p < 0.001, Student’s t-test) were significantly
weaker than at 8 k�. Cortical responses at 12 k� (p < 0.05,
Student’s t-test) and 16 k� (p < 0.01, Student’s t-test) were
weaker than those at 10 k�. The measured cortical EEPs
is monotonically increased with electrode-retina impedance
before its value reached 8 k� which is consistent with previous
studies of epiretinal stimulation [23]. Our findings indicate
two distinct trends: up to 8 k� EEP responses in visual
cortex increase, but subsequently they decrease with increasing
impedance.

B. Retinal Stimulation Induces the Largest Activated
Area of Primary Visual Cortex at 8 k� Impedance

To evaluate the effectiveness of retinal stimulation at differ-
ent electrode-retina impedances, we also measured the area
of activation in the primary visual cortex. Fig. 4A shows
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Fig. 3. (A) Representative figure that shows an overview of EEP responses (color coded) at 16 channels (y-axis) of a recording array in visual
cortex in response to electric retinal stimulation at intensities between 10 and 200 µA (x-axis) with the maximum response peaked at 8 kΩ. Each
plot shows responses to stimulation at one of seven possible impedance level (5 kΩ, 6 kΩ, 7 kΩ, 8 kΩ, 10 kΩ, 12 kΩ, 16 kΩ, measured at 100 kHz)
of the retinal electrode. (B) Representative figure that shows the relationship of stimulation intensity and EEP response at different impedance
levels. The data in each trace is normalized by the overall maximum response (at 8 kΩ). The level of 0.4 indicates an auxiliary line where the
EEPs began to deviate from each other across the tested impedance levels. (C) Comparison of the summed responses in visual cortex across all
channels, current and impedance levels, across seven animals. Responses at all impedance are compared to those at 8 kΩ using Student’s t-test
(∗∗p < 0.01, ∗∗∗p < 0.001).

examples of cortical EEPs in response to retinal stimulation in
one animal at different impedance levels, normalized by the
maximum response (at 8 k�). The response area among the
16 recording electrodes increases between 5 k� and 8 k�.
Fig. 4B shows the data as binary maps with thresholds set
to 40% of the maximal cortical responses. The red zones
represent “activation” area under retinal stimulation, dark
blue zones represent the “inactivated” areas within the grid.
We compared the sums of the activation area at different
impedance levels across all trials and animals, as shown
in Fig. 4C. The activation area increased from 0.4735 ±
0.1636 mm2 at 5 k� to 0.8931 ± 0.121 mm2 at 8 k�, and
then decreased to 0.2248 ± 0.1742 mm2 at 16 k� (Student’s
t-test, ∗∗p < 0.01, ∗∗∗p < 0.001, 14 trials, 7 rats). This result
resembles the one in the comparison of cortical response
strength: at 8 k� the activation area was the largest (Student’s
t-test, ∗∗p < 0.01, ∗∗∗p < 0.001, 14 trials, 7 rats). It should
be noted that the activation area changes with the chosen
stimulation current level.

C. Cortical EEPs Amplitudes Remain Stable Over Long
Recording Periods

Our in vivo retina-cortex experiments typically lasted for
more than six hours. As retinal health may deteriorate over
time after implantation, we also examined the stability of
EEPs in a separate experiment. In one experiment (10 trials,
5 rats), retinal electrical stimuli were applied as the electrode-
retina impedance increased from 5 k� to 8 k� and were then

maintained at 8 k� (Fig. 5). At least two retinal stimulation
trials were performed per impedance level and recovery inter-
vals between trials exceeded 5 minutes. Similar to the results
reported above, cortical EEPs increased as electrode-retina
impedance increased up to 8 k� (Fig. 5) and remained sta-
ble over the subsequent 90 minutes. In contrast, in another
experiment during which we collected data at all impedance
levels from 5 k� to 16 k�, response strength decreased at
10 k� (Student’s t-test, ∗∗∗p < 0.001), 12 k� (Student’s t-test,
∗∗∗p < 0.001) and 16 k� (Student’s t-test, ∗∗∗p < 0.001)
(14 trials, 7 rats). These results contradict the notion that
decreasing cortical responses were caused by time-dependent
change of the retina’s condition after electrode implantation.

D. Relationship Between Electrode-Retina Impedance
and Insertion Depth of Epiretinal Stimulation Electrode

Fig. 6A shows the relationship between electrode-retina
impedance and insertion depth (the relevant indicator of
epiretinal proximity). As the electrode advances towards the
retina, its impedance increases in a monotonic fashion. It is
immediately apparent that impedance increases more slowly
after 8 k�. We performed histopathological examination on
the retinal tissue at impedance (of the retinal stimulation
electrode) of 8 k�, 10 k�, 12 k� and 16 k� (Fig. 6B-6E).
Retinal tissue remains largely intact under 8 k� (Fig. 6B)
and also under lower impedances in vitreous. Electrode-retina
impedance at 10 k� and above (Fig. 6C-6E), insertion traces
of the retina stimulation electrode were clearly observed in
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Fig. 4. (A) Examples of the spatial extent of EEPs in visual cortex in response to retinal stimulation at 200 µA, at different impedance levels (5 kΩ,
6 kΩ, 7 kΩ, 8 kΩ, 10 kΩ, 12 kΩ, 16 kΩ, measured at 100 kHz) for the retinal electrode, normalized by the overall maximum response (at 8 kΩ). Grid
areas represent recording sites in visual cortex. Color bar: EEP response strength. (B) Binary activation maps with thresholds set to 40% of the
maximum response. Red zones show the “activation” area while dark blue zones show “inactivated” areas. (C) Comparison of the sums of activation
area at different impedances. All comparisons with respect to 8 kΩ using Student’s t-test (∗∗p < 0.01, ∗∗∗p < 0.001).

Fig. 5. Relationship between recording time and EEPs in visual cortex at
different impedances. EEPs under 8 kΩ (measured at 100 kHz) showed
no significant change over time compared to responses at changing
impedance levels (Student’s t-test, ∗∗∗p < 0.001).

HE-stained retinal tissues (n = 3). Beyond 8 k�, the retina
tissue was deeply compressed and the electrode reached the
intra-retinal space.

In clinical settings, the operation frequency of the stim-
ulation electrode is usually set to 1000 Hz for impedance
measurement. We also measured the electrical impedance at

1000 Hz in the eye. The results are presented in Table I. The
impedance measured at 100 kHz was 8.16 ± 0.31 k� and
80.37 ± 5.20 k� at 1 kHz, respectively.

IV. DISCUSSION

This study demonstrates the electrode-retina impedance
monotonously increases with decreasing electrode-retina dis-
tance as expected, but that the strongest cortical responses
were achieved at intermediate impedance levels. When the
electrode penetrates the retina, the impedance keeps increas-
ing. The effect of stimulation on the retina changes from
epi-retinal paradigm to intra-retinal paradigm and a decrease
in cortical activation is observed.

A. Two Distinct Monotonic Profiles of Cortical EEPs as
Electrode-Retina Impedance Increases

Both the EEP neural activities (Fig. 3) and the spatial extent
map (Fig. 4) indicate that the respective evoked responses at
the visual cortical level exhibit two distinct monotonic profiles
with the electrode-retina impedance as the electrode moved
towards the retina. While impedance continuously increases,
EEPs in visual cortex in response to retinal stimulation only
increase up to a certain level (from 5 k� until 8 k�, measured
at 100 kHz). Similar monotonic relationship between the stim-
ulation threshold, electrode distance, and impedance has been
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Fig. 6. (A) Relationship between electrode-retina impedance measured at 100 kHz and insertion depth of retinal stimulation electrode. Impedance
increases in a hyperbolic manner as the electrode tip moves towards the retina. Zero insertion depth on the y-axis denotes the initial position of
the electrode placed in the vitreous space. (B-E) Histopathological examination of insertion trace of retinal stimulation electrode under impedance
of 8 kΩ, 10 kΩ, 12 kΩ, 16 kΩ, measured at 100 kHz.

TABLE I
ELECTRODE-RETINA IMPEDANCE MEASURED

AT 100 KHz AND 1KHz IN THE EYE

demonstrated in studies of epiretinal stimulation [23], [46].
Shah et al. [46] demonstrated that electrode-retina impedance
was strongly influenced by the location of the electrode in
the eye. Ray et al. [23] measured cortical EEPs in a rat model
and found that EEP threshold decreased with increasing values
of impedance. Our data showed that EEPs gradually decrease
with further increases in electrode-retina impedance (retinal
proximity) up until the highest impedance level (16 k�)
because the electrode tip penetrates the retinal tissue and possi-
bly reaches the intra-retinal space as shown in our histological
data. To monitor a wide cortical response area, we employed
a 16-channel array rather than a single electrode to record
EEPs in the primary visual cortex. EEPs were band-pass
filtered from 1 Hz to 300 Hz to acquire the field potentials
in the visual cortex. We recorded differential field potentials
hence our recorded field potentials originating from a wider
region around the recording site [47]. We observed a similar
relationship between impedance/distance and response area in
visual cortex: when the activation threshold was set to 40%
of the maximal EEP response, the size of cortical activation
zone peaked during retinal stimulation at 8 k� (Fig. 4) when

retinal tissue remains largely intact histologically (Fig. 6B).
As electrode-retina impedance increases further (10 k� to
16 k�), the size of the cortical activation zone diminished
and the electrode reaches the intra-retinal space (Fig. 6C-6E).
The damage of the retinal tissue at high impedance, though
obvious from histological examination, is not apparent when
only electrode-retina impedance is measured and assessed on
the optimal stimulation response and threshold during surgery
and bidirectional telemetry. Our results indicate that cortical
EEPs is also a necessary parameter to obtain an optimal
stimulation response without causing trauma to the retina.

B. Electrode-Retina Impedance as a Tool to Guide
Surgical Location

Electrode-retina impedance has been used as an indirect
measure of proximity to the retina in human patients [40], [48].
Electrode-retina distance and perceptual threshold are highly
correlated and have been well documented [19], [39].
Impedance changes in neural prostheses have been correlated
with changes in tissue resistivity surrounding the elec-
trode. As threshold currents decrease with epiretinal dis-
tance, impedance can be used to predict threshold currents
for retinal stimulation [39]. Given the correlation between
electrode-retina impedance and the retinal proximity, the stim-
ulation thresholds are likely to vary. With higher impedance
(the smaller the electrode-retina distance) the lower the stim-
ulation threshold, and hence the stronger the EEPs in the
visual cortex should become. The distance between elec-
trodes and the retinal tissue is one of the major factors
affecting the stimulation threshold of retinal prostheses. For
instance, epiretinal distance determines electrode currents,
thereby causing changes in the stimulated retinal area. Early
in vitro electrophysiological data suggests that current thresh-
olds rise rapidly with increasing epiretinal distance [49], [50].
OCT was used to measure and maintain this distance during
implantation in human clinical trials. Impedance of retinal
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TABLE II
PRECLINICAL RETINAL IMPLANTATION STUDIES HAVE USED IMPEDANCE SPECTROSCOPY TO GUIDE/STUDY SURGICAL LOCATION

electrodes, determined by several factors, such as electrode
material, size and shape and the tissue surrounding the elec-
trode [39], has been proposed as an indirect measure of the
electrode-retina proximity. Table II summarizes the preclinical
studies that have used electrode-retina impedance as a tool to
guide or study surgical location. Preclinical studies of retinal
prostheses with suprachoroidal stimulation arrays implanted
between sclera and choroid [22], [42] and epiretinal stim-
ulation electrode arrays implanted in the vitreous cavity of
the eye [23]–[25], [46] pursued the impedance measurement
approach to position the electrode array to the target neural
tissue. Impedance spectroscopy over a wide range of frequency
was used as a post-implantation monitoring tool in a subretinal
study [37]. Majdi et al. [21] demonstrated a retinal compres-
sion profile by examining the changes in the access resistance
of a stimulus electrode in a rabbit eyecup preparation. During
retinal compression, thickly insulated electrode produced a
small increase in the access resistance while a thinly insulated
one produced additional increase in the access resistance,
which would make detection of the retinal surface more
difficult.

In this study, we specifically characterized the relationship
between the electrode-retina impedance and the cortical EEPs
which have not been systematically examined before. Our
findings indicate two distinct trends: up to 8 k� EEP responses
in visual cortex increase, but subsequently they decrease with

increasing impedance. Between 5 to 8 k� electrolyte fluid
with higher conductivity than retinal tissue was surrounded the
electrode, while electrode was very close or even surrounded
by retinal tissue at impedances between 10 and 16 k�. This
transition may explain the more quickly increasing impedance
values at 5 to 8 k� than at 10 to 16 k� (Fig. 6A). Interestingly,
this observation correlates well with increasing cortical EEPs
from 5 to 8 k� and decreasing cortical EEPs when the
impedance value exceeded 8 k�. Except for acute experi-
ments, fluctuations of impedance have been reported several
weeks post-implantation, both in animal studies [37], [42]
and clinical trials [19], [39]. Our findings demonstrated that
retinal compression by a stimulus electrode could be detected
when the cortical EEPs were also measured. Efforts should be
devoted to monitoring both impedance value and cortical EEPs
during device implantation and later maintenance to achieve
optimal stimulation response and threshold without causing
retinal damage.

C. Implication to Small Electrode Size

The electrodes used in the current clinical trial settings of
epiretinal implants are low in density with 4×4 electrodes with
a center-to-center separation of 800 μm and with electrode
diameters of 250 μm and 500 μm in the first generation.
In the second generation, there are 6×10 electrodes of 225 μm
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diameter each, separated by 575 μm [7]. However, to achieve
reading ability and facial recognition, a retinal electrode array
with at least 400–500 independent sites covering a 2 ×3 mm2

retinal area is required [51], [52], which is not available
yet high-density retinal electrode arrays have been recently
fabricated [53]–[57]. In our present study, we stimulated
the epiretinal surface of the rat’s retina and monitored the
electrode-retina proximity using impedance measurement with
a small electrode. The results indicate that platinum/iridium
electrodes as small as 75 μm in diameter are acceptable to
activate retina and measure electrode-retina as an indirect
method to estimate electrode-retina proximity. To maintain a
safe stimulation level with small electrodes, it is important to
utilize an electrode material with high charge delivery capac-
ity and an electrode structure with large geometric surface
area [58], [59].

V. CONCLUSION

Based on threshold and impedance data collected during
clinical epiretinal trials in human subjects, variations in thresh-
old current and impedance have been linked to changes in
electrode-retina distance. However a thorough understanding
of the electrical evoked responses in the primary visual cor-
tex as a function of the impedance of stimulation electrode
is limited. This study systematically measures the relation-
ship between electrode-retina depth, electrode impedance,
and cortical EEP profile. We find that impedance monoto-
nously increases with decreasing electrode-retina distance,
which is well-documented in early studies, but that the
strongest cortical responses were achieved at intermediate
impedance levels. These results indicate that monitoring elec-
trode impedance is necessary but not sufficient in obtaining
strong evoked-potentials at the cortical level. Our experi-
mental data suggest that retinal compression could occur at
high electrode-retina impedance level, leading to increased
likelihood of retinal damage. The results of this study indi-
cate the importance of monitoring both cortical response
and electrode-retina impedance under epiretinal stimulation to
ensure a safe and efficient stimulation and also maintain the
integrity of the implant.
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