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Abstract— Objective: Transcorneal electrical
stimulation (TES) is a promising approach to delay retinal
degeneration by inducing extracellular electric field-driven
neuroprotective effects within photoreceptors. Although
achieving precise electric field control is feasible in vitro,
characterizing these fields becomes intricate and largely
unexplored in vivo due to uneven distribution in the
heterogeneous body. In this paper, we investigate and
characterize electric fields within the retina during TES to
assess the potential for therapeutic approaches Methods:
We developed a computational model of a rat's head,
enabling us to generate predictive simulations of the
voltage and current density induced in the retina.
Subsequently, an in vivo experimental setup involving
Royal College of Surgeon (RCS) rats was implemented to
measure the voltage across the retina using identical
electrode configurations as employed in the simulations.
Results: A stimulation amplitude of 0.2-0.3 mA may be
necessary during TES in rats to induce a current density
of at least 20 A/m? in the retina, which is the lower limit for
triggering neuroprotective effects according to culture
studies on neural cells. Measurement taken from
cadaveric pigs’ eyes revealed that a stimulation amplitude
of 1 mA is necessary for achieving the same current
density. Conclusion: The computational modeling
approach presented in this study was validated with
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experimental data and can be leveraged for predictive
simulations to optimize the electrode design and
stimulation parameters of TES. Significance: Once
validated, the flexibility and low research cost of
computational models are valuable in optimization studies
where testing on live subjects is not feasible.
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[. INTRODUCTION

euronal loss is a defining characteristic of retinal

dystrophies, encompassing conditions such as retinitis

pigmentosa, age-related macular degeneration (AMD),
and primary open-angle glaucoma [1-3]. Advances in
ophthalmology have introduced innovative strategies to
counteract the debilitating impact of retinal degeneration like
gene therapy [4], cell therapy [5-7] and retinal prostheses [8].
Among these pioneering approaches, TES of the retina has
emerged as a promising strategy for slowing down the
progression of retinal degeneration. Evidence from animal and
clinical studies suggests that electrical stimulation possesses
therapeutic potential for retinal neurons and offers potential
avenues for managing neurodegenerative conditions such as
retinitis pigmentosa [9, 10]. The capacity of electrical
stimulation to enhance cell survival and activity was
demonstrated on various retinal cell types. Exposing cell
cultures in vitro to electrical fields stimulated the expression
of neurotrophic factors by Schwann cells [11], induced Muller
Cell proliferation and production of neurotrophic factors [12],
improved photoreceptor survival in rodent specimens with
light-induced damage or inherited degeneration [13-15],
rescued or increased survival rate of injured retinal ganglion
cells [16-18]. TES has showcased its potential in preserving
the integrity of the outer nuclear layer and enhancing the
functionality of electroretinography following a six-week
stimulation period in live rats [19]. Electrical stimulation can
contribute to neuronal preservation, primarily through the
modulation of neurotrophic factors after TES sessions [15, 20,
21]. These studies collectively suggest that electrical
stimulation holds promise in promoting neuroprotection by
enhancing cell survival, reducing oxidative stress and
inflammation, and increasing expression of neurotrophic
factors.
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Despite the promising foundations of EF-induced
neuroprotection in cell culture and animal studies, the long-
term TES clinical trials have yielded partial success,
suggesting the need for methodological optimization.
Improvements in the retinal function and preservation of the
visual field of RP patients have been observed in some trials
utilizing either the OkuStim system or DTL skin patch
electrodes [22-25], whereas no significant difference was
observed between control and stimulation eyes in other trials
also using the OkuStim system [26, 27]. Another study found
improvement in the metabolic function of the retina in terms
of oxygen consumption but no significant change in the retinal
vessel diameters following TES in RP patients [28]. Due to the
mixed outcomes of these trials, the relationship between
electrode design, waveform parameters and stimulation
duration for effective therapeutics is still not standardized.
One of the limiting factors in assessing the success of the
electrical stimulation therapies so far is the metric used for
characterizing the stimulator setup between different trials.
The effectiveness of neuromodulation and TES trials on
animal models and humans is commonly gauged with respect
to the stimulation amplitude in a current-controlled system,
which ranges from 0.1 mA to 0.3 mA in rodents [29] and 0.1
mA to 1 mA in humans [25]. Higher stimulation amplitudes
were employed in cases of more severe injuries such as rats
with crushed optic nerves (0.5 mA) or animals with larger
eyes such as rabbits (0.7 mA) [30]. However, inconsistent
outcomes have been reported for inducing neuroprotective
effects in comparable trials. One study reported success using
0.15 mA transpalpebral stimulation in patients with dry AMD
[31], an amplitude considered to be at the low-end of the
spectrum in human studies [25], whereas another study using
0.8 mA amplitude and similar waveform parameters on the
same disease-type did not see a statistical significance
compared to the control [32]. Therefore, stimulation amplitude
is not a reliable metric to characterize the setup, as the
variation between the bodies of the subjects, modality
(voltage- or current-controlled), quality of the stimulation
system and the electrode-tissue interface will influence the
electric field distribution inside the stimulated tissue. To
overcome this limitation, our goal is to assess the current
density generated within the targeted region, which takes the
geometry and dielectric properties of the tissue into
consideration. We hypothesize that it offers a more
informative and encompassing metric that can ensure
consistency between trials.

Here, we tested our hypothesis through a multi-scale
computational method to simulate the electric fields generated
in the eye during TES followed by a series of in vivo and ex
vivo experiments, which are used to validate the simulation
results and help characterize the electric fields produced by
various setups. We empirically characterize the current-
controlled stimulation amplitude required for generating the
target current density in the retinas of rat and pig eyes during
TES.

2
TABLEI
MATERIAL PROPERTIES IN THE RAT HEAD MODEL
Material Type Resistivity (Q.m)
Air 1*107
Muscle 4.82
Fat 64.6
Skin (dry) 5000
Bone 763
Brain 25.7
Sclera 1.99
Vitreous Humor 0.67
Lens 3.15
Cornea 2.4
Outer Eyelid 2456
Retina 1.5
Working Electrode 1*#107
Return Electrode 1*107
Il. METHODS

A. Computational Modeling

The modeling efforts aim to develop and leverage multi-
scale computational modeling platforms to design the most
efficient and safe electric stimulation configurations for
minimally-invasive TES. To induce epigenetic changes and
achieve the neuroprotective effect, we aim to maximize the
induced current in the retina while using safe stimulation
current magnitudes. With the help of our Admittance Method
(AM)/NEURON  multi-scale  computational — modeling
platform, we can predict the induced electric fields inside a
bulk tissue model [33]. This platform was previously used for
predictive extracellular electrical stimulation in the retina [34-
37] and the hippocampus [38]. Here, we leverage this method
to design electrodes and their placement locations to
effectively induce the electric fields in the rat and human
retina during TES. We use a large-scale segmented model of a
rat, including the finer structures of the eye, such as the sclera,
cornea, lens, vitreous humor, and eyelid layers.

The AM can be used to modify the stimulation parameters
and predict the induced voltage and current densities in the rat
model. AM discretizes the model into cuboid voxels, and each
voxel is represented by the lumped admittances at its edges.
The admittance values are calculated using the -electric
properties of the tissue, which are its conductivity and
permittivity. As such, the admittance values depend on the
operating frequency and voxel dimensions. The 3D model is
then reduced to a network of lumped admittances, a current
source is applied to a given node and the induced voltage is
then computed at each node of this network using iterative
methods for solving a set of linear equations, computed in
each axis:

=GV D
=1 Vn—-Vn
E= As = (2)
> — 1

Authorized licensed use limited to: Gianluca Lazzi. Downloaded on August 27,2024 at 20:12:44 UTC from IEEE Xplore. Restrictions apply.

© 2024 |EEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Biomedical Engineering. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TBME.2024.3412814

TBME-01857-2023.R1

@) ) (®)

Fig. 1. (a) The 3D segmented rat model with the ring electrode (shown in

red) (b) The eyeball model with retina (orange) and stimulating ring

electrode (red). (¢) A slice of the 3D model shows the zoomed in view of the

eyeball with the surrounding structures and the ring electrode location. The

front of the snout and the tissue around the eye were truncated for better

visualization.

where [ is a vector containing stimulation current at each

node, G is the admittance matrix and V is a vector that

contains induced voltage at each node. The electric field Eis
calculated from the voltage difference between neighboring
voxels V, —V, ., and their separation As, and the current

density f is calculated using the material properties of the
tissue type. A complete definition of the conductivity would

include a complex term, o = % + jwe, signifying the frequency

dependence of the displacement current in biological tissue
[39]. Given the low-frequency (10-100 Hz) nature of the
stimulation waveforms relevant for TES and neuroprotective
approaches outlined in the introduction section, we consider a
direct current (DC) approximation for this study, which

simplifies the conductivity equation in (3) as ¢ = %. This

approximation is valid for low-frequency problems, where the
material will behave more like a conductor and the capacitive
effects relating to the complex component will be minimal. A
review of the bioimpedance data supports this conclusion,
where the conductivity of various tissue types remains
constant below 10 kHz [40]. Therefore, the mesh generated
from the bulk tissue model is a network of resistors and the

calculated f reflects the equivalent resistive component of the
model. The resistivity of each tissue and electrode material
type included in the model is summarized in Table 1. These
values were obtained from the IT’IS Foundation database of
tissue properties [41]. Version 4.1 of the database was
available at the time of this publication. The resistivity data
used here was taken from porcine tissue samples [42] and rat
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Fig. 2. (a) Schematic representation of the different TES setups with three
return electrode configurations tested in vivo. (b) Illustration of the TES
setup shows the two insulated W needle electrodes with exposed tips inserted
in the vitreous humor and in the sclera at the base of the optic nerve to
measure the voltage across the retina, at a separation of As =2 mm, which is
used to estimate the current density generated between them using equations
(2,3). VH: Vitreous Humor

retina [43].

To minimize the computational cost, the 3D rat model is
truncated from the sides and mostly contains the head. The
truncated model is shown in Fig. 1(a) where the stimulating
transcorneal ring electrode is shown in red. The retina is
represented by a one voxel-thick layer, as shown in Fig. 1(b)
(yellow). The eyelids are modeled using two layers: an inner
eyelid layer (modeled with sclera properties) and an outer
layer (modeled with wet skin properties). Fig. 1(c) shows the
2D slice of the bulk rat model, which highlights the various
tissues present in the model. The resolution is 166 um, which
is the length of each side of the cuboid voxels.

B. Electrode Connection and Stimulation Parameters

To validate our simulation results in vivo, we designed a
transcorneal electrical stimulator that could be placed on the
commea and developed a measurement technique for
approximating the current density generated through the
retina. A ring electrode with a 4 mm diameter was built using
a 025 mm thick (30 AWG) pure platinum (Pt) wire,
designated as the working electrode in a bipolar two-electrode
setup. First return electrode was built using the same material
but fashioned into a disk shape that can be placed next to the
optic nerve behind the globe. Second return electrode was
selected to be a monopolar 30-gauge Pt needle (F-E2-24
Subdermal Needle Electrode, Natus Medical), commonly used
for subcutaneous placement in TES studies. A current pulse
was delivered using a current-controlled stimulator (STG
4008, Multi Channel Systems, Harvard Bioscience, Inc.). The
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stimulation waveform was a cathodic-first symmetric biphasic
pulse of 1 ms phase width and 50% duty cycle for a pulse
period of 4 ms. The duty cycle was maximized while making
sure the inter-pulse potential during rest approached steady-
state before applying the following pulse. Two tungsten (W)
needle electrodes with 0.2 mm diameter (E363T/2, Protech
International, Inc.) were used to pierce the eye and measure
the potential difference between two points on either side of
the retina, labeled as V, and V,, (Fig. 2(b)). This potential was
used to predict the current flow through the retinal layers,
starting from the vitreous-ganglion cell layer border up to
sclera and the root of the optic nerve. Each W electrode was
connected to an individual channel of a digital storage
oscilloscope (InfiniiVision =~ DSOX2014A, Keysight
Technologies) and the arithmetic difference between the
channels was recorded simultaneously.

C. Animal Procedure

RCS rats were used for electrode rest optimization
experiments. The care and use of the rats were conducted in
accordance with the regulations and guidelines of the
Institutional Animal Care and Use Committee (IACUC) of the
University of Southern California (USC) which are in
adherence to the National Institutes of Health (NIH)
Guidelines for the Care and Use of Laboratory Animals, and
the Association for Research in Vision and Ophthalmology
(ARVO) Statement for the Use of Animals in Ophthalmic and
Vision Research. A combination of ketamine (100mg/ml) and
xylazine (100mg/ml) was administered intraperitoneally to
anesthetize the animals before the procedure. Topical
anesthesia such as 0.5% Tetracaine eye drops, was
administered prior to any ocular manipulation.

The three different placement configurations that were tested,
as illustrated in Fig. 2(a): retro-orbital disc ground electrode,
retro-orbital needle ground electrode, and subcutaneous
temporal needle ground electrode. Briefly, once the rat was
under anesthesia, the eye, conjunctival sac, and eyelids were
cleaned using a 5% povidone-iodine solution, and topical
anesthesia was applied. Both superior and inferior eyelids
were retracted using fine forceps. A small conjunctival
incision was performed using microscissors. A conjunctival
pocket was created, where the ground electrode (either disc or
needle) was rested retro-orbitally. In the case of temporal
placement, the ground electrode was  positioned
subcutaneously in front of the rat’s ear. Then, one recording
electrode was positioned intravitreally and one behind the
orbit, piercing the sclera (Fig. 2(b)). The intravitreal electrode
was inserted perpendicularly to the opposing recording
electrode and pulled 2 mm apart. The separation was dictated
by marking reference strips on the needle. Finally, the
stimulating electrode was placed on the surface of the cornea.

A clamp was used to fixate the all the electrodes in position.
Grounding cuffs were attached on the rats’ tails to keep the
noise and offset values minimal across their body. The
recordings were initiated once the time averaged shape of the
waveform did not change for 60 seconds. The animals were
euthanized after the experiment.

Enucleated porcine eyes were employed for further
investigation of the TES parameter optimization in human
studies, as their diameter is more comparable to human eyes.
The porcine eyes used had a sagittal length of 24 mm on
average, which necessitated the use of a Pt ring electrode with
17 mm diameter. First, any residual connective tissue was
removed from the scleral surface. Like before, the recording
electrodes were positioned near the optic nerve in the sclera,
and intraretinally via a controlled scleral incision (Fig. 2(b)).
The placement of the two recording electrodes at 2 mm
separation was executed with the use of a micromanipulator in
the ex vivo setup. A disc-shaped Pt return electrode was
placed near the base of the optic nerve. Insulated, tip-only
exposed W needle electrodes were used to measure the voltage
difference inside the eye.

D. Calculation of the Current Density

The current density generated near the targeted cells is the
standard metric in TES and other electrical stimulation
techniques such as transcranial for inducing neuroprotective
effects that promote neuronal survival. Estimation of this
current density depends on the experimental setup. Using a
surface area estimation will only be accurate if the geometry
of the stimulated area is well defined for the surface integral
calculation. Instead, we can approximate the generated current
density from the electric field, which is a function of the
voltage difference between two points, as described in
equation (2). This equation relies on the assumptions that the
generated field is electrostatic, the equivalent impedance of
the bulk tissue is mostly resistive and will respond linearly to
stimulation. A caveat with this approach is the sensitivity
towards variations in the tissue resistivity in the target region.
The resistivity even within the layers of the retina can vary
significantly, from 1 to 4 Q.m [43, 44]. Based on the electrode
depth vs. resistivity analysis of the rat retina [43], we
combined the values of the vitreous and retinal layers between
the measuring electrodes to average out 1.5 Q.m to use in our
calculations.

lll. RESULTS

A. Simulation Results
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Fig. 3. Simulation results of various placements for the ground electrodes, current source placed along the ring electrode for an amplitude of 0.2 mA. Row (a):
the voxelized rat head model with stimulating and return electrodes. Row (b): The voltage distribution across a 2D slice in the xy plane (passing through z =
center of the stimulating ring). Row (c): the current density distribution inside the retina in the xyz plane. The left side is medial, right is lateral, top is superior

and bottom is inferior direction.

Using our computational modeling approach, we evaluated
the different electrode dimensions and placements. A ring
electrode placed on the cornea as the working/stimulating
electrode and three return electrode configurations were tested
(Fig. 3(a)). The needle was a hollow cylinder with a diameter
of 3 mm and a wall thickness of 0.075 mm, closest to the
dimensions of a 30-gauge needle. The disc electrode diameter
was set as 3 mm and thickness as 0.3 mm. The voltage
mapping of the head model shows that the greatest voltage
amplitude occurs when the return electrode is needle and
placed subcutaneously away from the working ring (Fig. 3(b)).
The electric field magnitude in the retina is related to changes
in voltage (2) and both the maximum and average f were
weakest when the return electrode was placed further from the
target region (Table 2). The simulation results suggested that
the disk ground electrode can provide higher current density at
the center of the retina since the area where the current density
is maximized corresponds to the electrode’s spatial position
(Fig. 3(c)). While placing the electrode closer to the globe is
more invasive, it can provide significantly higher current in
the central retina which is where the cone photoreceptors are
most densely packed and the region of interest for
neuroprotective effects.

Bringing the needle closer to the retina resulted in an

increase both in the maximum and average f from 7.90 to
13.10 A/m? and 4.32 to 6.30 A/m?, respectively and a more
localized field distribution in the central regions (Fig. 3(c)).
Further improvement was observed when the electrode surface
was changed into a disk where the maximum f increased from

13.1 to 18.8 A/m? and the average f increased from 6.30 to
7.35 A/m?, respectively. This is because a greater ratio of the
electrode surface aligns with the retina layer and more of the
field lines follow a direct path through the central retina into
the return electrode. The disc electrode configuration yielded

the highest f values and greatest control over the areas that are
being stimulated, making it the ideal choice for TES.

The voltages in Fig. 3(b), the subcutancous needle
configuration, are significantly higher than the other two
configurations. This happens because of the larger separation
between the working and ground electrodes. As the electrode
separation increases, the equivalent resistive material and the
heterogeneity between the two poles increases. As a result, the
electric current (field) disperses throughout the volume more,
and the efficiency of charge transfer between the electrodes
decreases. The charge that could not be drained dissipates,
increasing the resting voltage bias of the tissue (also referred
to as the “offset” voltage in this paper). It is important to have
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a low offset voltage to minimize the off-target excitation in
areas such as the brain and adhere to the charge injection
limits that would polarizes the electrode to the onset of water
redox, which could lead to tissue or electrode damage [45].

B. In vivo and Ex vivo Experimental Results

Following the computational analysis on the rat head model
for optimizing electrode parameters in TES, in vivo
experiments were performed on anesthetized rats to validate
the simulation results. Three different electrode configurations
at three different amplitudes were tested while recording from
the same locations inside the eye (Fig. 2). The difference of
the recorded potentials V, and V,, along with the estimated
separation (As) between them was used to calculate the

electric field (E ) through the retina (2). The E was then
multiplied with the conductivity (o) of the rat’s retina to
calculate the f 3). f is the most consistent parameter used to
assess the efficacy of electrical stimulation for neuroprotection
and several studies have shown that the range required for
inducing neuroprotective effects in transcranial stimulation is
20-50 A/m? [29, 46]. Aiming for these numbers in the retina,
we used a TES amplitude of 200 uA, as the simulation results
suggested. Amplitudes up to 400 uA were tested to determine

whether f would change linearly. Because the rat’s eye is
much smaller than a human’s and can tolerate smaller
currents, the same setup was used on a pig's eye once we
validated the simulation results on rats. The diameter of the
pig eye is comparable to a human’s, which determines how
much stimulation current is needed for effective therapeutics.
We aimed for a minimum of 20 A/m? to validate the efficacy
of our stimulation protocol. According to the values obtained
from the experiments and the approximations described in

section 2.D, the maximum f for rat is calculated to be about
12.8 +/-23 A/m?, 14.7 +/- 49 A/m?, 13.7 +/- 8.7 A/m? for
columns 1, 2 and 3 of Fig. 4, respectively (Table 2). The range
of current densities are comparable with the values computed
in our simulations, which are 18.8 A/m? , 13.1 A/m?, 7.9
A/m? for the retro-orbital disk, retro-orbital needle and
temporal needle, respectively.

1) Electrode Placement Near the Globe is More Invasive but
Improves Precision

The first trade-off that needs to be considered when
optimizing TES methods is choosing the ground location in
the body for placing the return electrode. Ideally, the return
electrode will be minimally invasive while ensuring the
threshold current density is generated in the target area. The
simulations suggested that while the threshold requirement
could be met whether the ground was positioned near or
further from the optic nerve, the high current density areas
shifted towards the periphery of the retina as the electrode was
placed further away (Fig. 3(c)). To verify these results, we
placed the return electrode both retro-orbitally, next to the
optic nerve and temporally in the subcutancous tissue. The
mean of the maximum voltage differences measured (V)
were 39.3 mV and 47.4 mV for retro-orbital and temporal
placements, respectively (Fig. 4). While the maximum V,
appeared to increase as the return needle was placed further
from the working ring, contrary to the simulation results in

TABLE 2
SIMULATED AND MEASURED VALUES (/. tim = 200 pA,N= 10 EYES)

Variable Subcutaneous Retro-orbital Retro-orbital
Needle Needle Disk
]max(simulated) 7.9 13.1 18.8
(A/m?)
]max(measured) 13.7 14.7 12.8
(A/m?)
Voffset(simulated) 215 55 60
(mV)
Voffset(measured) 78 57 24
(mV)

Table 2, the spread of the data was also significantly greater.
The standard deviation of the measured V,;, were +/- 14.7 mV
and +/- 26.3 mV when the needle return electrode was placed
retro-orbitally and temporally respectively. Because we want
to establish a correlation between the input stimulation and the
f across the retina, keeping the variation to a minimum is
critical for consistency across different trials. Even though the
maximum ] on average was smaller when the return electrode
was placed closer to the globe, the confidence margin for
estimating how much current is needed for inducing the target
f is greater; therefore, the return electrode should be placed as
close to the globe as possible for consistent results.

We acknowledge a potential source of the variance between
trials in the measurements shown in Fig. 4, which is due the
measuring electrode positioning with respect to the axis of the
optic nerve. The recorded voltages can fluctuate greatly
depending on the position of the intravitreal electrode, which
is especially noticeable with the needle electrodes. The
simulations suggest that the percentage variation of f in the
central retina can be much larger in the needle configuration
(2-8 A/m?, up to 400%) compared to the disk (8-18 A/m?2, up
to 225%) depending on the coordinates of the electrode tip
(Fig. 3(c)). The same pattern is apparent in Fig. 4, where the
variance of the wide disk electrode is significantly smaller
than the narrow needles.

Max. Potential Difference and Offset for Each Grounding
Configuration (n=10)
120.0

100.0
80.0

60.0 ]

40.0

20.0 l

0.0

Potential Difference (mV)

Retro-orbital Disk Retro-orbital Needle Temporal Subcutaneous

Needle
Fig. 4. The maximum voltage difference V,;, (blue) and the voltage offset
during the inter-pulse time (orange) recorded across the 10 rats for different
return electrode configurations.
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2) A Large Electrode Surface Reduces the Maximum Current
Density but Minimizes Off-Target Stimulation

The surface area of a stimulating electrode holds
importance due to its role in the charge injection mechanism
associated with double-layer formation at the electrode-tissue
interface [47] and involves a trade-off between precise
targeting of a small area and maintaining the charge density
vs. total charge constant within the established safety
threshold [48]. For our TES sctup, the size of the return
electrode is constrained by the physical space available around
the eye for implantation and our goal is to minimize the
surgical trauma. For our rat experiments, this limitation
translated to a maximum diameter of 3 mm. Consequently, we
opted for a disk-shaped return electrode with a 3 mm diameter
and compared its performance against the retro-orbital needle
electrode configuration. One important difference between the
two configurations was the actual surface area that contacted
the eye. One flat side of the disk (7.1 mm?) came into contact
with the globe, whereas the needle only engaged about one-
third of its outer surface (3.2 mm?). Switching from the disk
to the needle electrode led to an increase in the maximum
voltage from 35.4 mV to 43.9 mV on average. This increase in
the maximum V,; when using the needle electrode can be
attributed to its higher equivalent impedance across the
electrode-tissue interface. This impedance primarily arises
from the smaller surface area of the needle. The current-
controlled stimulator adjusts its source voltage to match the
target current amplitude depending on the input impedance,
which can lead to higher recorded voltage differences when
using the needle electrode. However, it’s important to

(a) (b)

°
o
@

acknowledge that the standard deviation also increased from
+/- 6.9 mV to +/- 14.7 mV when transitioning from disk to
needle, a trend observed when the return electrode was placed
further away from the working electrode (Fig. 4). The circular
shape of the disk maximized the contact area between the
electrode and the eye, thereby further improving the
confidence interval. This outcome suggests that the disk
design remains desirable, despite a slightly smaller range of f .
Another important observation pertained to the voltage offset,
which more than doubled on average when using the needle
electrode. This increase indicated that the surrounding tissue
was exposed to a higher extracellular voltage level, even when
the stimulation pulse was not active. The offset value was
derived by first subtracting the DC component from the
recorded signals and then measuring the voltage immediately
before a new pulse was applied (Fig. 5(c)). From an
electrochemical perspective, a voltage offset signifies non-
ideal charge transfer between the electrodes due to a mismatch
in injection and discharge rates. This phenomenon can also be
elucidated from a circuit perspective, where the equivalent
impedance of the electrode-tissue interface is loosely modeled
as a parallel RC block, often referred to as the double-layer
impedance [49]. Increasing the electrode's surface area
directly influences the properties of the passive elements
where a greater capacitance increases the capacitive
conduction through the double-layer, which is a charge
injection mechanism that redistributes the charges in the
electrolyte but does not involve electron transfer [47].
Consequently, this minimizes faradaic charge transfer and
accumulation in the tissue, leading to a reduced voltage offset
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Fig. 5. Samples of waveforms recorded from rat and pig eyes. (a) Amplitudes tested on rat eyes. (b) The potential difference recorded across the rat’s retina
for a given amplitude. (¢) The potential generated across the stimulation electrodes at an amplitude of 0.2 mA, for retro-orbital disk/needle and temporal
needle configurations. The method for calculating the offset voltage during inter-pulse time is shown. (d) Amplitudes tested on pig eyes. (¢) The potential
difference recorded across the pig’s retina for a given amplitude. (f) The potential generated across the disk stimulation electrode at a given amplitude. The
voltage offset becomes non-zero beyond 1 mA amplitude, which may be a limiting factor in terms of stimulation safety.
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during resting periods. Given the imperative to avoid off-
target excitation in TES, it is important to have a sufficiently
large electrode to minimize the voltage offset generated in the
surrounding areas, while ensuring that the charge density
remains at a safe level. Once again, the advantage of using a
disk-shaped electrode is emphasized as its geometry aids in
maximizing the covered surface area.

3) Pig’s Eye Requires 1 mA Stimulation to Reach 20 A/m?
Current Density

After successfully validating the simulation results of the
rat's eye through in vivo recordings, we applied the same
experimental setup to the pig's eye to estimate the required
stimulation amplitude for achieving a minimum current
density of 20 A/m? in its retina. The stimulation amplitude
required to elicit the target f depends on the tissue volume
between the electrodes and its equivalent impedance. We
selected the pig's eye for this study due to its similarity in
volume to a human eye. To accommodate a higher charge per
phase and maintain charge density, we employed a larger disk
return electrode with a 6 mm diameter on the pig's eye, in
contrast to the setup used for rats (3 mm). Like before, we
recorded voltages simultaneously across the two electrodes
separated by 2 mm and plotted the differences using an
oscilloscope (Fig. 5(¢)). Notably, a stimulation amplitude of 1
mA resulted in a V,;, of up to 60 mV across all four eyes
tested, with an average of 56 mV and a standard deviation of
+/- 42 mV. Assuming an average combined tissue resistivity
of 1.5 Q.m through the VH and the retina, we can approximate
that the generated current density was approximately 20
A/m?. Similar to our observations in rat experiments,
increasing the stimulation amplitude yielded a roughly linear
scaling in the V,;, where a 60% increase in amplitude (1 mA
to 1.6 mA) led to a 53% increase (from 60 mV to 92 mV). As
the equipment limit was 1.6 mA, higher stimulation
amplitudes could not be tested. These findings can be
extrapolated to the adult human eye, which is slightly larger
than the pig eye. Consequently, our results suggest that a
minimum amplitude of 1 mA should be considered for use in
TES trials on human subjects.

4) Current Density Scales Linearly with Stimulation Amplitude

In the equivalent circuit model of an electrochemical
system, the tissue component (electrolyte) is typically
considered as a purely resistive series load. Assuming that the
reactive component of the electrode impedance cancels out
when subtracting one potential from another (V,,), the
equivalent load between the electrodes can be represented by a
resistor. Consequently, we hypothesized that the current vs.
voltage relationship must be linear adhering to Ohm’s law. To
test this hypothesis, we conducted experiments at three
different stimulation amplitudes: 0.2 mA, 0.3 mA, and 0.4 mA
for rat (Fig. 5(a)), and plotted the resulting voltage differences
(Fig. 5(b)). The increase in the V;, closely followed that of the
stimulation amplitude during the rat experiments, where gains
of 44% and 24.5% in the V,, were measured for 50% and
33.3% increase in the amplitude, respectively. Similarly,
experiments conducted on the pig’s eye showed a 53%
increase (from 60 to 92 mV) when stimulated with 60% more

current (1 mA to 1.6 mA) (Fig. 5(¢)). Both the transitions
observed in rat from 0.2 mA to 0.3 mA and in pig from 1 mA
to 1.6 mA led to a gain in V,;, vs. amplitude increase ratio of
88%, whereas it was 73% in the case of rat going from 0.3 mA
to 0.4 mA. These findings suggest the possibility of
diminishing returns with respect to increasing the stimulation
amplitude concerning the ] generated in the target area. A
plausible explanation for this pattern lies in the dynamics of
charge transfer at the electrode-electrolyte interface, the
equivalent circuit model of which has complex components
[47]. This includes a capacitor realistically modeled as a
constant phase element, which is non-ideal and adds amplitude
and frequency dependency to the equivalent capacitance. A
changing capacitance value due to the non-ideal dynamics
may ultimately lead to a nonlinear input/output relationship.

5) Current Density Does Not Reach the Contralateral Eye

An important consideration in TES is ensuring that the
induced current density remains isolated within the target area
and does not interfere with the stimulation of the contralateral
eye. To assess how far the induced current density extends
from the return electrode, we took voltage difference
measurements across the stimulated target eye, between the
two eyes and across the contralateral eye (Fig. 6, top row). A
Vap up to 100 mV was measured across the stimulated right
eye, consistent with the results from previous trials illustrated
in Fig. 4. However, as the measuring electrodes were shifted
away from the right eye, the V,;, dropped substantially to
about 10 mV at the midpoint between the left and right eyes.
When the measurement was taken across the left eye, the V,,

registered as zero, indicating that the f near the left eye was
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Fig. 6. (Top Row) The TES was set up on the right eye while the voltage
difference was measured across the sclera of the right eye (blue arrow),
halfway between the two eyes (orange arrow) and across the sclera of the left
eye (yellow arrow). The V,,; approaches zero sharply moving away from the
right eye, indicating that the current density generated outside the target area
is negligible. (Bottom Row) The V,; was measured across the perpendicular
axes to determine the directionality of the electric field generated in the eye
tissue. The vertical V,;, between the comea and the optic nerve was
significantly higher than the horizontal V,;, between medial and lateral sides,
indicating that the induced fields cross the retina perpendicularly.
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negligible during the stimulation of the right eye. In a related
test, we measured the V., along two axes relative to the
orientation of the ring electrode. The vertical contour extended
from one electrode to the other, while the horizontal contour
ran perpendicular to the vertical contour, equidistant from
either electrode (Fig. 6, bottom row). The V,;, measurements
along these contours revealed that the electric field lines
predominantly followed a direct vertical path between the
working and return electrodes, thereby generating a stronger f
across the thickness of the retina from the ganglion cell layer
towards the photoreceptor layer. This observation aligned with
the simulations demonstrated in Fig. 3(c), where the f was
most pronounced in the center for the disk electrode and
decreased sharply as it approached the peripheral regions.
However, we note that there remained a non-zero difference
both in the simulations and the experimental measurements.
This discrepancy can be attributed to the placement of the
return clectrode, which was located towards the left side of the
optic nerve and featured a large diameter extending towards
the periphery. This pattern suggests that one half of the retina
receives a stronger stimulation with the disk return electrode
design employed in our study.

IV. DiScUSSION

Characterizing the current density generated in the retina
during TES is crucial for optimizing its effectiveness in
promoting neuroprotection in the targeted area. Previous
experiments on various neural cells have shown that a
minimum current density is necessary to induce
neuroprotective effects and support cell survival [19, 29]. To
ensure the consistency of stimulation trials, it's essential to
establish a relationship between the input amplitude and the
current density f in the retina. Towards this goal, we
developed a computational model for the rat’s head using the
Admittance Method technique, developed by our group. We
simulated various return electrode configurations for TES in
terms of placement location and geometry to optimize the

distribution and amplitude of f in the retina. The simulation
results suggested that an invasive approach using a large-
surface disk return electrode near the globe was significantly

more effective in generating a greater f at the retina.
Importantly, the flat disk provided greater control over the
area of activation, making the disk return electrode positioned
on the globe superior to the other configurations for TES (Fig.
3(c)). Although more invasive, return electrode implantation
behind the globe might be a necessary trade-off to achieve
effective therapeutics and neuroprotection in the retina.
Considering the mixed TES clinical trial outcomes for
preserving visual functions of RP patients, the necessity of an
optimized stimulation approach is clear. A skin patch return
electrode setup was used in the studies outlined in the
Introduction section, which would be closest to our temporal
subcutaneous needle configuration. The simulations suggested
that the temporal placement generated the weakest f at the
retina while the in vivo data suggested it had the highest
variance. The retro-orbital disk was superior in both aspects

with the highest simulated f , lowest simulated/measured offset
voltage, and lowest variance in measurements (Figs. 3.4,
Table 2). One similar computational study on TES for DTL
electrodes (human) has reported that an electric field of 1
mV/mm in the retina can be generated at a stimulation
amplitude of 62 pA [50]. Our ex vivo measurements on pig’s
eye using the disk electrode configuration demonstrated an
electric field of (58 mV) / (2 mm) at an amplitude of 1000 pA,
scaled to 1.8 mV/mm at 62 pA with linear approximation (Fig.
5(e)). This difference further reinforces the advantage of
placing the return electrode closer to the retina for maximum
efficacy. Our results contribute towards the optimization of

return electrode design for a consistent f to ensure an effective
neuroprotective stimulation protocol. It is noted that a new
implantation protocol would be needed for translation of the
proposed design to the clinical arena.

The experimental data corroborated the simulation results
and served to validate our computational methods. On

average, the measured f in rats was 33% smaller than the
simulations, which can be expected considering the
imperfections of a real system, variation among animals and
limited accuracy of the measuring electrodes. We
acknowledge that the most significant source of error in
estimating the f using equation (2) likely stems from
differences in model and actual tissue conductivities. As we
could not accurately measure the voltage difference across the
individual layers of the retina, resistivity of which can vary
significantly, we relied on a combined resistivity value of the
retina and the vitreous humor obtained from the literature to
calculate f The large 200 um diameter needle measuring
probe posed another limitation, as the thickness of the
different retinal layers in the RCS rat ranges from 40 um to
100 um [51]. Ideally, a high-resolution microelectrode probe,
similar to the one used by Kasi et al. [43], would be able to
measure the voltage differences within a 10 pm thickness,
sufficient for accurate characterization of current density
within individual retinal layers during TES. Further, we
acknowledge the error stemming from the positioning of the
two measuring electrodes, discussed in section 3.B.1, leading

to a large variance in the recorded f between trials. Therefore,
the experimental values reported in this paper should largely
be considered supportive of our simulation results of the f
generated in the retina.

Overall, the data collected from the rats demonstrated the
reliability of our computational model as a predictor of fields
generated in the eye during TES and helped establish an
input/output relationship for a current-controlled stimulator.
The values obtained from rat’s eyes suggest a minimum
stimulation amplitude of 0.2-0.3 mA whereas those obtained
from pig’s eyes suggest a minimum of 1 mA for reliably
generating the target f of 20 A/m? in the retina. Data from pig
eyes are more relevant for translation into human studies,
given their comparable dimensions. The determined threshold
current amplitude from our data falls within the range of TES
human trials that have successfully slowed down vision loss in
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patients with retinitis pigmentosa, who received stimulation
ranging from 0.8 to 1 mA [25]. Nevertheless, there is a
practical limit to the current amplitude that can be comfortably
delivered in conscious subjects. In our experiments with rats
under anesthesia, we observed extraocular muscle twitching
and facial spasms in some cases when exceeding 0.3 mA. As
the stimulation amplitude cannot be increased freely until the

target f is reached due to tolerance limits, optimizing electrode
design remains an important component in achieving
successful outcomes in TES.

Other computational work involving different tissue types
using the AM has demonstrated the potential to generate
results that can be experimentally validated. Predictive
simulations of the local field potential (LFP) generated in the
hippocampus due to extracellular electrical stimulation was
successfully validated through analytically estimated LFPs
[38]. Additionally, the neuronal response of two retinal
ganglion cell subtypes with different frequency responses
during epiretinal stimulation was accurately simulated by
combining the AM with the NEURON computational platform
to predict the mechanisms of color encoding [52]. Most
recently, the TES approach was evaluated in tandem with the
retina model of rat and AM-NEURON computational platform
to design stimulation strategies for targeting the bipolar cell
and photoreceptor layers affected during -early-stage
degeneration [53]. These computational studies have
demonstrated that AM can reliably be used for predictive
analysis on induced fields and neuronal activation in
electrophysiology applications. Our future efforts will focus
on developing a realistic human head model and simulating
the activation of specific cell subtypes in the retina during
TES using the AM-NEURON computational platform,
leveraging the stimulation parameters optimized in this study.
Understanding how different retinal cells respond to
extracellular potentials generated with TES will be crucial for
developing therapeutic strategies, such as targeted activation
of specific subtypes.

V. CONCLUSION

We have developed an innovative multi-scale
computational method aimed at analyzing the response of a
comprehensive mouse head model to transcorneal electrical
stimulation (TES) for therapeutic applications. Our model
compared stimulation thresholds for wvarious electrode
placements, providing valuable insights into the optimal
design and placement of the return electrode to maximize
current density in the retina. Notably, the simulation results
aligned closely with the experimental data collected in vivo
from rats. The comparison between simulated and measured
voltage and current density values demonstrated that
employing the Admittance Mecthod for modeling
bioelectromagnetic interactions during TES is a dependable
approach for optimization and predictive analysis. This
computational tool assumes even greater importance in the
context of human trials, where direct invasive measurements
are not feasible, and modeling studies become essential for

10

predicting current densities generated in biological tissue.
Future validation studies should prioritize in vivo recordings
from species with eye sizes comparable to those of humans, as
live body recordings may yield different results compared to
studies conducted on severed tissue. Once validated,
computational models, such as the one presented here, can be
leveraged to optimize the stimulation parameters in
electrophysiology applications, thereby enhancing the success
rate of neuroprotective and regenerative therapies.
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