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Optic nerve-mediated
modulation of temporally
interfering electric fields for
potential targeted retinal disease
therapy: a computational
modeling study
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Introduction: Traditional extraocular electrical stimulation typically produces
diffuse electric fields across the retina, limiting the precision of targeted therapy.
Temporally interfering (TI) electrical stimulation, an emerging approach, can
generate convergent electric fields, providing advantages for targeted treatment
of various eye conditions.

Objective: Understanding how detailed structures of the retina, especially the
optic nerve, affects electric fields can enhance the application of Tl approach
in retinal neurodegenerative and vascular diseases, an essential aspect that has
been frequently neglected in previous researches.

Methods: We developed an anatomically accurate multi-layer human eye model,
incorporating the optic nerve segment and setting it apart from current research
endeavors. Based on this model, we conducted in silico investigations to predict
the influence of the optic nerve on spatial characteristics of the temporally
interfering electric field (TIEF) generated by diverse electrode configurations.

Results: Optic nerve directly influenced spatial distributions and modulation
rules of TIEFs. It caused convergent areas to shift nasally or temporally in
relation to return electrode positions, and further increased the axial anisotropy
within the convergent TIEF. Furthermore, alterations in electrode positions and
adjustments to current ratios among channels induced diverse spatial patterns
of TIEFs within the macular region, the area surrounding the optic nerve, as well
as peripheral retina.

Conclusion: Our findings suggested that presence of the optic nerve
necessitated the utilization of different modulating paradigms when employing
Tl strategy for targeted treatment of various retinal lesions. And also provided
theoretical references for developing a novel retinal electrical stimulation
therapeutic device based on Tl technology.

KEYWORDS

computational modeling, extraocular electrical stimulation, temporal interference,
optic nerve, retinal diseases therapy
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1 Introduction

Retinal neurodegenerative and vascular diseases, such as retinitis
pigmentosa (RP), age-related macular degeneration (AMD), and
retinal artery occlusion (RAO), can cause irreversible damage to the
retinal neural and vascular networks (Wright et al., 2010; Barresi et al.,
2023; Newton and Megaw, 20205 Scott et al., 2020). These conditions
lead to vision impairment or even blindness, affecting more than 200
million people worldwide (Sather 3rd et al., 2023; Al-Namaeh, 2021;
World Health Organization, 2020).

Transcorneal electrical stimulation (TES) (Li et al, 2024;
Battaglini et al., 2022) has proven to be an effective therapeutic
approach for partially restoring visual functions in patients with
retinal neurodegenerative and vascular diseases. This method achieves
its effects through neuroprotection or enhanced retinal blood flow (de
Rossi et al., 2020; Stett et al., 2023; Meral et al., 2022; Kahraman and
Oner, 2020; Nagasato et al., 2023; Naycheva et al., 2013; Inomata et al.,
2007; Wang et al.,, 2011; Kurimoto et al., 2010). TES has also been
shown to improve visual function in patients with optic neuropathies,
further supporting its therapeutic potential (Miura et al., 2023;
Fujikado et al., 2006).

Currently, clinical TES devices primarily employ either a Dawson-
Trick-Litzkow (DTL)-Plus electrode (Schatz et al., 2011; Wagner et al.,
2023) or an electroretinography (ERG)-jet electrode (Xie et al., 2012)
fixed on the eyelid or the corneal surface and a return electrode at the
distal end to deliver microcurrent to the retina. The output current is
typically a square wave pulse with specific amplitude, frequency, and
pulse width (Nagasato et al., 2023; Stett et al., 2023). However, these
TES strategies only feature a single electrode channel at one
stimulation trial, which results in a diffuse distribution of the induced
electric field in specific areas on the upper or peripheral field of the
retina (Xie et al, 2011; Hernandez-Sebastidn et al., 2023).
Consequently, these devices lack the precision required to target
specific regions and cannot steer the electric field to different lesion
sites caused by the progression of various retinal diseases (Shepherd
etal., 2013; Varma et al., 2013; Pinna et al., 2023).

Temporally interfering (TT) electrical stimulation, achieved by
delivering kilohertz sinusoidal stimulation across multiple electrode
channels with small frequency differences, has emerged with its
capacity to selectively activate local neurons in the hippocampus of
the deep brain through a convergent temporally interfering electric
field (TIEF), and the application of this technology highly depends on
a deep comprehension of electric field distribution characteristics
(Grossman et al., 2017; Zhu et al., 2023). Previously, we theoretically
validated the potential of the TI strategy in generating spatially
convergent and steerable TIEFs on the retinal surface in an idealized
human eye model (Su et al., 2021). However, the retinal surface in that
study was a spatially uniform region, neglecting intricate biological
structures within the eye, such as the optic nerve. Related studies with
retina (Lyu et al., 2020; Song et al., 2020) or head models (Lu et al.,
2022; Lee et al., 2021) also regarded the retinal surface as an integrated
tissue to assess the spatial distribution of electric fields generated by
various stimulation strategies. The optic nerve is a collection of
millions of ganglion cell axons that are wrapped in myelin sheaths,
and it extends from the optic disc of the retina to the lateral geniculate
nucleus (Selhorst and Chen, 2009). Several studies demonstrated that
electrical stimulation of the optic nerve through a penetrating or cuff
electrode could effectively evoke a neural response in the retinal or
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visual cortex (Brelén et al., 2010; Lu et al., 2013; Borda et al., 2022). As
a crucial neural pathway connecting the eye and brain, the optic nerve,
while transmitting visual information, also constitutes an important
environmental factor for electric field propagation due to its physical
structure and electrophysiological characteristics. The impedance of
the optic nerve is a vital parameter that cannot be neglected when
exploring the distribution of electric fields on the retinal surface. Since
myelin sheaths are almost electrically insulating, there is a significant
difference in electrical conductivities along axial and cross-sectional
directions of the optic nerve (Gabriel et al., 1996). However, existing
research has mainly concentrated on optimizing electrode
configurations, adjusting stimulation parameters, and directly
observing the responses of retinal neurons (Su et al., 2021; Song et al.,
2024) while lacking in-depth exploration and precise modeling of the
optic nerve. Consequently, our understanding of the actual electric
field distribution on the retina during TT stimulation remains limited,
posing difficulties in accurately predicting stimulation effects and
optimizing paradigms.

It is reasonable to hypothesize that the optic nerve could modify
spatial distribution and modulation patterns of the retinal electric
fields, which might affect the clinical therapy of retinal diseases with
diverse categories or progressions via electrical stimulation, especially
the TI strategy. Therefore, this study aims to systematically investigate
the optic nerve-mediated spatial patterns of TIEFs generated by TI
stimulation in an eye model that more accurately reflects physiological
and anatomical characteristics. Herein, we constructed a human
eyeball model with biophysically detailed retinal layers, an optic nerve,
and surrounding tissues and applied TT stimulation through multiple
extraocular electrode channels. The spatial distribution and
modulation characteristics of generated TIEFs on the retinal surface
mediated by the optic nerve were systematically calculated under
several electrode montages and output current ratios. Our results
revealed that when applying the TI strategy for targeted therapy of
diverse retinal lesions or optic neuropathies, the existence of the optic
nerve necessitated the selection of modulating paradigms and
provided an innovative perspective for developing novel retinal
electrical stimulation devices.

2 Materials and methods

2.1 Human eye model with optic nerve
segment

A multi-conductivity 3D human eye model, incorporating
essential structures such as the cornea, atria, lens, vitreous body (VB),
retina, choroid, and sclera (Lyu et al., 2020; Cvetkovic et al., 2006), was
constructed using the AC/DC module in COMSOL Multiphysics
(Figure 1).

Additionally, the model also incorporated additional biological
components, including the optic nerve, cerebrospinal fluid (CSF), the
optic nerve sheath on the nasal side, and surrounding tissues such as
muscle and fat.

Specifically, the optic nerve segment was positioned at a 22.5°
angle relative to the model’s central axis, oriented horizontally toward
the nasal side. The section intersecting the eyeball resembled a
truncated cone, while the extended portion was cylindrical. Eventually,
the optic nerve, CSE, and optic nerve sheath were aligned as coaxial
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An anatomically detailed, multi-layer model of the human eyeball. (A) The 2D electrode montage featured four electrodes fixed symmetrically on the
horizontal section of the model. (B) The 3D electrode channel montage comprised eight electrodes (a total of four channels) symmetrically distributed
on both the horizontal and vertical planes, only showing superior and nasal channels.

cylinders. Based on reported data, the anterior segment of intraconal
fat and muscle was shaped like hemispheres, while the posterior
segment resembled a cone deviated from the optic nerve (Wang et al.,
2016; Xu et al, 2017; Alireza et al.,, 2018). A single extraocular
electrode was composed of a platinum (Pt) disc, measuring 500 pm in
diameter and 50 pm in thickness, which was used to form extraocular
multi-channel electrode montages for TI stimulation.

Table 1 outlines the conductivities of all tissues and Pt electrodes
at 100 Hz, which were isotropic, except for the optic nerve. Given that
the optic nerve was not perfectly aligned with the central axis of the
eye, causing a 22.5° shift to the nasal side, the conductivity parameters
listed in Table 1 assumed that the optic nerve was independent and
aligned with the central axis. Therefore, the conductivity of the optic
nerve was adjusted to account for this offset angle for ease
of understanding.

2.2 Electrode montages and current ratio
indexes

We initially employed multi-channel electrode montages based on
our eye model to analyze the spatial distribution of generated TIEFs
through extraocular TI stimulation.

The 2D montage (Figure 1A) included two stimulating-return
electrode pairs positioned horizontally around the eye and
symmetrically aligned with the model’s central axis.

The specific positions of the stimulating and return electrodes
were defined by the angles (6, and 0,, respectively) created between
the lines connecting their centers to the eye’s center (point O) and the
central axis of the asymmetric eye model. The 3D montage introduced
another two symmetrical electrode channels around the vertical plane
of the eyeball model (Figure 1B). In this setup, the stimulating and
return electrodes on the horizontal plane were designated as 6,; and
0,1, while those on the vertical channels were labeled as 6,y and 0,
respectively.

Furthermore, we defined current ratio indexes (illustrated as
Equations 1, 2) as follows to explore the modulation principles of the
TIEF on the retinal surface mediated by the existence of the optic nerve:
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TABLE 1 Conductivities and geometric parameters of eye model with an
optic nerve segment.

Tissue/ Conductivity = Thickness References
Body (S/m) (mm)
fluid/
Electrode
Cornea 0.422 0.5
Atria 1.5 2.8
Lens 0.322 4.0
Vitreous body
(VB) L5 22% Song et al. (2020),
Gabriel et al.
Retina 0.5028 0.33
(1996), Cela
Muscle 0.267 1.42 (2010), Oozeer
Fat 0.028 14.5 et al. (2005),
Choroid 0.2779 0.45% Cetkovic et al.
(2006), Wang et al.
Sclera 0.5028 0.63
(2016), Stitzel
0.5 along the z

(axial) direction;

Optic nerve 3.55%
0.08 along the x and
y directions
Cerebrospinal
2 0.58

fluid (CSF)
Optic nerve

0.006 0.73
sheath
Platinum

8.9 x 10° -

electrode

et al. (2002), Won
etal. (2016),
Norman et al.
(2011), and
Tsukitome et al.

(2015)

*The thickness of VB, fat, and optic nerve represent maximum diameters.

03

ax=11/(11+[2)

ay =13 /([3 +I4)

1)

)
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Here, ay represented the ratio of output currents from the nasal
(1) and temporal (17) side of the horizontal stimulating electrodes, its
value ranged from 0 to 1. Similarly, oy expressed the current ratio
from stimulating channels on the superior (/3) and inferior (1) sides
of the vertical plane. The condition ay / @y =0.5 represented equal
current amplitudes across all channels.

2.3 TIEF calculation and analyses

Our previous study comprehensively described the basic
calculating principles of the generated TIEF (Su et al., 2021). Briefly,
a unit vector 7 represented any direction in space, and a 3D Cartesian
coordinate system was utilized to pinpoint the spatial position of the
envelope modulation amplitude resulting from the superposition of
the 7 direction generated by multi-channel current sources at the
position 7 (x,y,z) could be denoted as E 43¢ (ﬁ 7 ), which emerged as
the vector sum of electric fields generated by two dependent current
sources £y (7) and E, (7). Therefore, the envelope amplitude that
yields TIEF at a specific point within the eye model was given by
Equation 3 (Grossman et al., 2017):

P))-il=|(B(7) - Bx (7)) )

|EAM (f’i,?)| =”(E] (7)+E2(

3)

As the electric field was vectorial, the maximum amplitude of its
directional component at the position 7(x,y,z) could be expressed
as |E AM —MAX (17 )|, which was also the maximal modulated envelope
amplitude (MMEA) of the TIEF at this location. Therefore, the
MMEA of the 2D electrode montage could be described as Equation 4:

|EAM—MAX (7)| =

max{‘EAM (T,F) (4)

,‘EAM (E?)

| Eart (27)

}

Under 3D montage, as the incorporation of electrode channels,
the MMEA of the generated TIEF at each point could be approximately
calculated by Equation 5 (Grossman et al., 2017):

10.3389/fnins.2024.1518488

|EAM (ﬁ,7)| = 2-min{E1(;7),E2(

For the analysis of TIEF’s spatial properties, we first calculated
normalized MMEA values on the posterior retinal surface (red area
in Figure 2A) and within the macula (Figure 2B) and further fitted
MMEA curves to visualize the spatial distribution of generated TIEFs
mediated by the optic nerve along horizontal, vertical, or diagonal
directions (blacked dotted lines in Figure 2A). Moreover, we calculated
the full width at half maxima (FWHM) and the full width at 80%
maxima (80% width) of MMEA distribution curves to describe the
spatial resolution of generated convergent TIEFs (Figure 2C), which
physiologically represented excitation areas on the retinal surface
under 2- and 1.25-times threshold stimulation intensities, respectively
(Su et al., 2021).

Additionally, the peak values of retinal MMEA at the horizontal,
vertical, diagonal edges, and center points were calculated and fitted
to allow us to accurately compare variations of generated TIEFs under
different simulation conditions. Finally, we determined the 80%
intensity contour range and central peak offsets of different directional
MMEA curves on the retinal surface and macula to further evaluate
modulation patterns of TIEFs among different electrode montages
and current ratios and reveal alternations of convergence and
steerability mediated by the optic nerve.

3 Results

3.1 The optic nerve's impacts on the spatial
distribution of generated TIEFs

Initially, we demonstrated that altering the location of stimulating
electrodes had minimal impact on the spatial patterns of the generated
TIEFs when the optic nerve was present (Supplementary Figure S1).
To ensure electrical safety, reduce potential invasiveness, and simplify
implantation for clinical application, we fixed the stimulating electrodes
at 0, = 30° for all subsequent studies, approximately aligning with the
electrode position employed in applied TES research (Xie et al., 2012).

Subsequently, we explored the effects of varying the positions of
the return electrodes, revealing trends consistent with our previous
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Definitions of retinal surface and calculation parameters. (A) Horizontal, vertical, and diagonal line centers and edge points on the retinal surface.
(B) The fovea, parafovea, and peripheral fovea in the macular area. (C) FWHM and 80% peak width of the maximum-minimum normalized MMEA
distribution curve along different directions (take 6, = 30°, 8, = 135°, and 3D electrode montage, for example).
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findings (Su et al.,, 2021). Regardless of whether a 2D (Figure 3A) or
3D (Figure 3B) electrode montage was used, as €, increased (with
return electrodes moving closer to the retinal center), the strongest
TIEF shifted from the peripheral edge to the retinal center. When
6, > 105°, a convergent electric field emerged in the central retina,
with its range narrowing as the return electrodes approached the
posterior eye. Additionally, the 3D montage improved the convergence
of generated TIEF along the vertical axis, which was less pronounced
compared to the horizontal axis, forming an approximately elliptical
convergent area under the 2D montage.

However, since the optic nerve cross-section was on the nasal side
of the retinal surface, an increased axial anisotropy emerged within the
convergent TIEE The most notable phenomenon was the sudden
alternation observed in the MMEA distribution curve along the
horizontal line for most electrode positions that could generate TIEFs
with convergence (blue curve of each inset of Figure 3, except for
0, = 170°). Additionally, the center of the convergent area shifted either
temporally or nasally, depending on the relative position of the return
electrodes to the optic nerve segment (6, < 145° or = 170°). Moreover,
compared to the square-shaped convergent TIEFs observed under all
electrode positions in previous research (Su et al., 2021), the shapes of
the TIEFs turned into near-rectangles when 6, < 145° in this study.

Quantitative analyses of MMEA properties indicated that as
return electrodes progressively moved toward the posterior part of the
eye, MMEA values at the retinal central point increased at a faster rate
compared to those derived from horizontal, vertical, and edge points
under both 2D and 3D montages (Figures 4A,C).

Specifically, when 6, exceeded 105°, the MMEA at the central
point gradually surpassed the edge values, indicating the generation
of an increasingly intense electric field with a convergent peak in the
central retina.
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Figures 4B,D further illustrate the influence of return electrode
positions on the TIEF’s spatial resolution. Under the 2D montage,
while more posterior return electrodes improved the spatial resolution
of the generated TIEF along both axes, the FWHM and 80% width of
the horizontal line were always smaller than those of the vertical line,
which was consistent with the elliptical convergent area displayed in
Figure 3A. Another noteworthy finding was that the FWHMs and
80% widths of horizontal MMEA distribution curves were not always
equal to those calculated from the vertical lines under the 3D montage
(red and blue solid and hollow triangles in Figure 4D). This
discrepancy further confirmed the anisotropy between the horizontal
and vertical axes, as displayed in Figure 3B.

Considering the increased axial anisotropy mediated by the
optic nerve to the convergent TIEF generated under initial current
conditions (ay / ay =0.5 ), as well as the asymmetry that would
elevate its modulation complexity confirmed by our previous study
(Suetal., 2021). We attempted to balance the horizontal and vertical
convergence of the TIEF generated under 3D montages with return
electrode positions ranging from 105° to 145° (the convergent area
generated by 0, =170° maintained an almost square form and
necessitated no adjustment). Figure 5 illustrated corresponding
TIEF distributions, while Table 2 summarized resulting FWHMs
and 80% widths of MMEA distribution curves along both axes,
following alternations to the vertical electrode positions. As values
marked by red boxes in Table 2, which demonstrated that TIEF
generated under related electrode position could possess an optimal
convergence accompanied by comparable axial isotropy, we finally
determined 6,4 =105° and 6,y = 107° to represent €, = 105°,
0, = 120° and 6O,y = 121° to represent 6, = 120°, 6,5 = 135° and
0,y = 136° for 0, = 135°, 0, = 145°, and 0, = 146° for 0, = 145°,
respectively.
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lines of the retina (6, = 30°, 6, = 90°-170°).

3.2 Modulation patterns of generated TIEFs
on the retinal surface mediated by the
optic nerve

The influence of the optic nerve on the steerability of convergent
TIEFs was investigated by changing current ratios of horizontal (& y)
and vertical (ay) electrode channels under 3D montage and displaying
modulation patterns on the retinal surface and within the macular
area (Figure 6).

Taking the return electrodes fixed at 6, = 135° as an example
(illustrated in Figure 6A, Oy = 135°, O,y = 136°), the convergent
area shifted on the retinal surface with alterations in ay or ay, or
both simultaneously. Specifically, decreasing ay caused the
convergent TIEF to gradually move to the superior side of the
retinal surface and vice versa. Similarly, smaller/larger o y resulted
in the convergent region slowly shifting to the nasal/temporal side.
Concurrent alternations of both &y and ay could theoretically steer
the generated TIEF across the entire retinal surface, even covering
the full extent of the optic nerve cross-section. Modulation patterns
under other return electrode positions exhibited similar tendencies,
as displayed in Supplementary Figure S2. The steering behavior of
the convergent TIEF around the macular area is shown in Figure 6B,
where return electrodes were fixed at 8, = 170°. Unlike the pattern
presented in Figure 6A, the convergent area remained confined to
the macula across all current ratios and exhibited a relatively regular
shape, even when steered away from the retinal center.
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To further explore modulation diversities of the generated
TIEF on the retinal surface mediated by the optic nerve,
we calculated 80% intensity contour ranges of normalized MMEAs
and presented three typical and distinct patterns in Figure 7
(6, =105°,135° and 170°, respectively). Contour ranges assessed
under 6, = 120° and 145°were shown in Supplementary Figure S3.
When return electrodes were fixed relatively close to the anterior
retina (Figure 7A), alternations in current ratios resulted in a
majority of the 80% intensity contours on the retinal surface
remaining unclosed (marked by green boxes); additionally, some
contours overlapped partially or completely with the optic nerve
cross-section (red boxes), while a few could be modulated in the
vicinity of the macula, displaying a convergent pattern. As return
electrodes approached the posterior eye (Figure 7B), under
various combinations of current ratios, generated TIEFs
maintained convergent areas both in the central and peripheral
retina. Notably, only in a few instances did the TIEFs partially or
completely overlap with the optic nerve (marked by red boxes).
While return electrodes were located surrounding the macula
(Figure 7C), all generated TIEF contours exhibited a convergent
pattern and were confined to the perifovea region; nevertheless,
the degree of freedom in steering the TIEF contours with the
macula was constrained by adjustments to the current ratios
among electrode channels.

A comprehensive quantitative exploration was undertaken to
investigate the modulation rules of TIEFs generated by different
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Normalized MMEA distributions (6, = 30°, 6, = 105°-145°) of the retinal surface with adjustment of vertical electrode positions under 3D montage.
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electrode positions and current ratios under the mediation of the optic
nerve. We calculated central peak values and central peak offsets of
MMEA curves in horizontal, vertical, and diagonal directions relative
to the retinal center, along with their 80% peak widths in Figure 8 and
Table 3. It is worth noting that these indices primarily focus on
describing the spatial characteristics of closed and convergent TIEFs
formed on the retinal area by altering current ratios. Therefore,
we excluded conditions that generated a major proportion of unclosed
TIEF (such as 6, = 105°) or overlapped with the cross-section of the
optic nerve (marked by red boxes in Figure 7).

Typically, the largest central peaks were observed when 6, = 170°
and the current ratio was 1:1 (i.e., ay = ay). These peaks varied
significantly as the convergent TIEF moved in all directions across the
retinal surface (green lines in Figures 8 A-C); however, they remained
relatively stable under other return electrode montages. As shown in
Figures 8D-F, changing oz x or ay steered the generated TIEF from
the central to the peripheral retinal surface, which led to a negative
(nasal side) or positive (temporal side) increase in central peak offsets.
Due to the presence of the optic nerve, the offset ranges under most
return electrode positions (except 0, = 170°) along the horizontal
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direction (Figure 8D) were anisotropic and predominantly confined
to the temporal sides of the optic nerve cross-section.

Moreover, although the steerable range of the convergent area
narrowed as return electrodes approached the posterior eye, its
convergence presented more predominantly (the absolute values of
80% widths were smaller in a larger return electrode position
illustrated in Figures 8G-I). Theoretically, the optic nerve did not limit
the steerable regions along vertical and diagonal directions
(Figures 8B,E,F). Notably, a relatively high-intensity electric field
might be generated in the peripheral retina or the optic nerve
cross-section.

Table 3 summarizes the central peak offsets of the convergent
TIEFs and the variation ranges of their 80% width (indicating
convergence or spatial resolution) of the distribution curves along
three directions. Briefly, the central points of convergent TIFFs
generated and steered when 0, < 145° exhibited a similar horizontal
offset range (roughly 25°) without crossing the optic nerve, and its
range narrowed along vertical and diagonal directions with return
electrodes moving posteriorly. The minimum 80% widths in different
directions also decreased with larger @, values, indicating an
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TABLE 2 Alternations of 80% width and FWHM values along horizontal and vertical MMEA distribution curves after adjustments of return electrode

positions under 3D electrode montage.

O O 80% width FWHM
Horizontal Vertical Sum  Diff Horizontal Vertical Sum  Diff
105 16.4 10.3 26.7 26.1 31.1 31.8 629 | 0.7 |
105 106 12.9 10.5 234 24 29.4 32 | 614 | 2.6
107 11.2 121 [233] 09 | 285 337 622 52
108 11.2 14.7 259 35 28.5 36.5 65 8
120 12.6 6.6 235 3.7 30.6 30.5 61.1 0.1 |
120 121 11.3 9.8 | 21.1 28.8 303 | 591 | 15
122 10.4 11.9 22.3 1.5 28.3 32.5 60.8 4.2
135 11.8 8.5 203 33 28.6 26.9 55.5 1.7
135 136 9.1 8.9 26.7 27.1
137 8.6 11.3 10.0 2.7 26.3 29.5 55.8 3.2
145 11.3 7.1 184 42 27.4 23.8 512 3.6
145 146 9.3 7.9 25.7 241 498 | 1.6
147 7.5 10.1 17.6 2.6 23.4 25.7 I 49.1 | 2.3
*Sum/Diff: summation/difference of the 80% width and FWHM along horizontal and vertical directions.
(A) a0l (B) ax=0.1 =03 ax=0.5 ax=0.7 ax=0.9
=01 ‘2 9 ay=0.1
-9 ‘39000
-8 -2000€
. 20000
- -2/66C
Y, 42-1\0\:/?0 V _ i
Zb]/ X (Temporal) Nasal—— Temporal 1 mm 0_;03 _1
FIGURE 6
The normalized MMEA distribution of the retinal surface (A), 8, = 135° or macular area (B), 9, = 170° under different current ratios. @ y and ay = 0.1, 0.3,
0.5,0.7, and 0.9, respectively. The specific location of the horizontal electrodes was slightly adjusted (referred to in Table 2 and Figure 5) to ensure the
convergent TIEF was near square before steered by changing the current ratios (¢ x and ey = 0.5).

improvement of the convergence or spatial resolution with a more
posterior return electrode location. At 8, = 170°, the convergent area
under various steerable conditions was primarily limited in the
parafovea region of the macula, with absolute offset ranges not
exceeding 10° horizontally and vertically. The most convergent sites
were generated in the fovea with an 80% width of less than 6° along
all directions (last row in Table 3).
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4 Discussion

Using a human eye model that incorporates detailed retinal
structures, especially the optic nerve segment, our study confirmed
that spatial characteristics of the temporally interfering electric field
generated by the extraocular TI strategy were remarkably and
diversely mediated by the presence of the optic nerve. Based on these
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TABLE 3 Modulation ranges of steerability and convergence of generated TIEFs on the retinal surface.

Central peak offset range

80% width of the TIEF distribution curves

Horizontal Vertical Diagonal Horizontal Vertical Diagonal
120° 0~23° +22° +55° 145 +3.3° 16.1 6.3° 28.1+16.3°
135° -3°~23.6° +23° +36.5° 125 +34° 142£53° 225+11.1°
145° —7°~17.7° +17° +27° 107 +1.4° 103 +2.4° 16.4 +6.7°
170° —5.5° ~ 4.5° +5° +6.5° 2.6+0.4° 3+0.4° 52+04°

new findings, we suggested that the electrode montages and
stimulation parameters for TI stimulation should be flexibly
configured to treat retinal diseases and optic neuropathies at different
lesion locations or stages of progression.

4.1 Diverse distribution and modulation
patterns of TIEF mediated by the optic
nerve

In comparison to a previous study that used an idealized
symmetrical eye model to simulate the retinal electric fields generated
by the TT approach (Su et al., 2021), this study initially demonstrated
similar trends in the convergence and steerability of the generated
TIEF: (1) A convergent area was established when the return
electrodes were positioned relatively close to the posterior side of the
retina (6, > 105°); (2) the TIEF could be steered in the direction with
smaller current ratios, regardless of whether the adjustment was made
horizontally, vertically, or diagonally. However, incorporating more
intricate biological tissues, such as the optic nerve segment, in this
study introduced variations in the distribution and modulation
patterns of the TIEE

4.1.1 The optic nerve caused the convergent TIEF
and retina to no longer coincide with the center
TIEFs, which no longer overlapped with the
retinal center

Under both 2D and 3D electrode montages depicted in Figure 3
(lower right of each insert), the generated TIEF did not align with the
retina’s center point (macular fovea) horizontally. Interestingly,
we found that when horizontal electrodes “clamp” the optic nerve in
the middle (i.e., 6, = 105°, 120°, 135°, and 145°), the TIEF’s center
shifted temporally. It seemed as if the optic nerve “pushed” it in the
opposite direction (Figure 9B); conversely (6, = 170°), the convergent
TIEF deviated nasally, as if the optic nerve “attracted” the electric field
to its side (Figure 9C). In our previous idealized eye model, regardless
of how return electrode positions changed, the center of the
convergent TIEF almost strictly overlapped with the retinal center
(Figure 9A).

Related research on transcranial electrical stimulation indicated
that the intensity and distribution of the electric field were influenced
by multiple factors, including electrode location, size, distance, and
the physiological characteristics of the tissues (Shahid et al., 2014). In
this study, because our eye model incorporated the optic nerve along
the horizontal return electrodes path, there is a noticeable conductivity
variation on the retinal surface at the optic nerve, which made the area
of interest no longer an isotropic and homogenous tissue. However,
the reason why the relative position between return electrodes and the

Frontiers in Neuroscience 10

optic nerve could induce two contrary results was still unknown.
Limited by computational modeling capabilities, we could not delve
into the more fundamental analysis, and future neuronal response or
electromagnetism studies were crucial to reveal underlying
physiological or physical mechanisms.

4.1.2 Axial anisotropy of the convergent area
increased since the existence of the optic nerve

Furthermore, we discovered that the presence of the optic nerve
increased the directional anisotropy to the TIEF under the initial
simulation conditions. As illustrated in Figure 3B, the shapes of all
convergent areas appeared as rectangles, contrasting with the
horizontally and vertically isotropic squares observed in our earlier
research (Su et al., 2021). We hypothesized that the abrupt change in
conductivity near the optic nerve segment on the retinal surface may
exert a specific “pulling effect” on the TIEF in the horizontal direction
(Gabriel et al., 1996). This phenomenon warrants further investigation
to elucidate the precise mechanism involved.

Given that the retina was modeled as an electrically isotropic layer,
it can be speculated that the therapeutic effects of electrical stimulation
might be influenced by the increasing axial anisotropy of electric fields
generated in biological tissues (Metwally et al., 2015; Howell and
Mcintyre, 2016; Zhao et al., 2021). To address this, we adjusted the
positions of the vertical return electrodes when 6, < 170° (typically by
1-2 degrees, resulting in 6, # 6,y) to maintain relative axial isotropy
of the generated TIEF along horizontal and vertical directions under
the initial simulation conditions (as shown in Table 2 and Figure 6).

4.1.3 The optic nerve segment resulted in diverse
modulation patterns in the retinal region

While the convergent TIEF could previously spread across the
entire retinal surface with various current ratios (Su et al., 2021), the
steerable electric fields exhibited three distinct patterns affected by the
optic nerve. Specifically, when one horizontal return electrode is fixed
at the nasal side of the optic nerve (6, < 170°), it could generate
unclosed contours on the posterior retina while steering TIEFs to the
peripheral regions under various current ratios. The possibility of this
occurrence increased as return electrodes were fixed anteriorly (green
boxes marked in Figure 7A; Supplementary Figure S3A). Meanwhile,
TIEFs steered to the central retinal under these electrode positions
remained a convergency among certain current ratios (central
illustrations not marked by green or red boxes in Figures 7A,B). On
the other hand, when horizontal return electrodes are located at the
temporal side of the optic nerve, the generated TIEF can be precisely
and freely steered within the macula while maintaining its convergence
(as shown in Figure 7C). Moreover, in some specific instances, the
optic nerve cross-section could be partially or entirely encompassed
by a generated electric field featuring either convergent or diffuse
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FIGURE 9

Effects of the relative position between return electrodes and the optic nerve on the distribution of convergent TIEF. (A) The idealized eye model was
employed in the previous study, where one return electrode was located on the (B) temporal or (C) nasal side of the optic nerve.
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contours (red boxes marked in Figures 7A,B). These findings
suggested that if the primary object was to achieve selective activation
of specific retinal regions through a convergent TIEF, the horizontal
steering range was strictly confined to the temporal side of the
optic nerve.

4.2 Feasibility of selective therapy for
retinal neurodegenerative, vascular, and
optic nerve diseases

Electrical stimulation has been widely applied to the therapy of
various retinal diseases, including retinitis pigmentosa (RP),
age-related macular degeneration (AMD), optic neuropathy (ON),
and retinal artery occlusion (RAO)(Meral et al., 2022; Nagasato et al.,
2023; Stett et al., 2023; Miura et al., 2023; Parkinson et al., 2023).
Presently, micro-current stimulation is delivered via a single
stimulating and return electrode channel through trans-corneal,
palpebral, or orbital approaches, resulting in a diffuse electric field
limited to specific retinal regions (Inomata et al., 2008; Sabel et al.,
2021; Xie et al., 2012; Xie et al., 2011; Herndndez-Sebastian et al.,
2023). However, lesion locations differ among retinal diseases and
may spread or change as the pathology progresses. For example,
damage in early to mid-stage RP patients initially affects the peripheral
retina. It gradually spreads to the central area, while in AMD, the
lesion expands from the macula to the entire retina (Shepherd et al.,
2013). Similarly, central and branch retinal artery occlusions (CRAO
and BRAO) occur in the corresponding macula or peripheral region
(Scott et al., 2020). Therefore, traditional single-channel electrical
stimulation strategies may not realize selective therapy for local retinal
lesions on a small scale.

Recent studies have demonstrated that combining multi-channel
electrical stimulation with optimized current parameters can
somewhat activate neurons in the posterior retina (Lee et al., 2021).
Relative research also suggested that multi-channel stimulation offers
advantages in selectively activating the local retina and generating
specific stimulation patterns, potentially beneficial for treating central,
peripheral, or entire visual field injuries (Hernandez-Sebastian et al.,
2023). In contrast, the present study adopted the TI strategy, which
incorporated multiple extraocular stimulating-return electrode pairs
and resulted in convergent electric fields under several electrode
montages. Moreover, due to the consideration of the presence of the
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optic nerve, this strategy generated diverse electric field distribution
and modulation patterns on the retinal surface. How to effectively
leverage this diversity could offer the potential for the selective
treatment of various retinal and optic nerve diseases.

4.2.1 Further posterior return electrodes were
demanded for the therapy of central retinal
diseases through the Tl strategy mediated by the
existence of the optic nerve

To effectively treat retinal neurodegenerative and vascular lesions
affecting the central visual field (i.e., AMD and CRAO), generating an
electric field that converges in the macula with precise steerability is
crucial. In this study, when both return electrodes were fixed on the
temporal side of the optic nerve (Figure 3B), we observed an optimal
convergent TIEF around the parafovea region. This kind of TIEF
exhibited an 80% width of 2.6° and 3.0° (Table 3) along the horizontal
and vertical axes, respectively, corresponding to an activated area of
approximately 0.52 mm x 0.63 mm with 1.25 times threshold
stimulation. This convergent area could be steered in a small range
around the fovea and was unaffected by the optic nerve section
(Figures 6B, 7C).

We also observed slight improvements in the FWHM values,
reducing to approximately 8° horizontally and vertically (Figure 4D)
compared to our previous research (approximately 10°) (Su et al.,
2021). We hypothesize that this enhancement could be due to the
change in the external environment from saline to muscle and fat in
this asymmetric eye model, potentially confining the electric field
within the internal eye structure (Cela, 2010).

For cases where lesions affect the entire macula, precise steering
of the TIEF may not be necessary. A convergent TIEF covering the
majority of the central retina, as shown in the central conditions
displayed in Figures 7A,B, may be more suitable for diffuse therapy
targeting related diseases. However, it is important to ensure that such
a convergent TIEF is not freely steered, as this could lead to
unintended activation in non-pathological areas, such as the retinal
periphery or the optic nerve.

Notably, some retinal degenerations are concentrated in the
central macula with a relatively small lesion region (Stone, 2007), so
aligning the generated TIEF with the fovea from a clinical perspective
is preferable. Although the axial anisotropy of the convergent TIEF
was considerably eliminated by the alteration of the vertical return
electrode (Figure 5), a horizontal deviation from the retinal center still
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emerged. Since two horizontal return electrodes were completely
symmetrical about the vertical plane, slight adjustments to their
relative positions (i.e., Oynasal 7 rremporat) in future work might improve
the alignment of the convergent TIEF with the macula. These findings
further confirmed the feasibility of achieving convergent and targeted
treatment for diseases affecting the central retina through our
proposed electrical stimulation strategy.

4.2.2 The existence of the optic nerve does not
constrain the therapeutic range of peripheral
retinal diseases under the Tl strategy

We observed that despite certain electrode montages not being
optimal for focal stimulation of the central retina, they still effectively
generated relatively high-intensity electric fields in the peripheral
region, including the perifovea area, even if the contours of the
generated electric fields were not fully enclosed (Figures 3B, 5, 7A).
Furthermore, the existence of the optic nerve appeared to minimally
affect the spatial distributions of these convergent or diffuse TIEFs on
the peripheral retinal surface, as with specific current ratios, their
contour ranges were possible to “bypass” the optic nerve
cross-section.

Additionally, peripheral retinal neurons are more sparsely
distributed compared to those in the central region, and visual acuity
tends to decline as eccentricity increases (Muniz et al., 2014; Low,
1951), which suggests that a broader area is required in the peripheral
retina to activate an equivalent number of neurons. In the case of RP,
early- to mid-stage patients exhibit lesions primarily affecting the
peripheral visual field, which gradually progress toward the central
region (Mrejen et al., 2017; Liu et al., 2022). As for BROA, only a
portion of the retinal function is moderately impaired (Schmidt et al.,
2020; Dattilo et al., 2018), suggesting that optimal convergence in the
central retina is not the foremost consideration when seeking effective
therapies for mild-stage neurodegenerative or vascular lesions in the
peripheral retina. Therefore, various electrode montages proposed in
our TI electrical stimulation method could be viable in clinical
applications. For example, steerable conditions marked by green boxes
in Figure 7A and Supplementary Figure S3A offer possibilities for
peripheral therapy for patients with RP or BROA. Even if it might
induce unclosed contours or irregular shapes, it remained feasible to
generate regional electrical stimulation in the retinal areas
corresponding to different quadrants of the visual field, disregarding
the existence of the optic nerve.

4.2.3 Tl strategy may enable effective targeting
therapy for optic neuropathy

During electrical stimulation treatment for retinal lesions, the
optic nerve is typically not the intended target, as its activation will
lead to a wide range of meaningless perceptions (Veraart et al., 2003),
which can complicate the selection of appropriate stimulation
intensities based on individual electrical-evoked phosphene thresholds
(Kahraman and Oner, 2020; Meral et al., 2022; Wagner et al., 2023).
Nonetheless, for specific optic neuropathies (Fujikado et al., 20065
Miura et al., 2023; Gall et al., 2016), electrical stimulation has proven
therapeutically beneficial, inspiring us to discuss targeting treatments
for optic neuropathy utilizing an extraocular TI strategy. Notably, a
7A,B,
Supplementary Figure S3A (highlighted by red boxes) exactly covered

few modulation sites depicted in Figures and

the entire cross-section of the optic nerve, making them potential
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candidates for focal electrical stimulation therapy. However, steering
these TIEF sites demands careful coordination between electrode
montages and current ratios, posing challenges in defining electrode
implantation procedures and stimulation parameters in
clinical applications.

Regrettably, we mainly focus on the spatial characteristics of
TIEFs generated on the retinal surface and fix electrode channels only
on the extraocular surface, neglecting TIEFs along the optic nerve
axis. It is conceivable that by positioning return electrodes further
posterior in the eye, such as on the myelin sheath surface, it may result
in more complex functional activations and generate a convergent
TIEF with high intensity at varying depths along the optic nerve

(Sakaguchi et al., 2009).

4.3 Promotion for the development of
novel retinal electrical stimulation devices

Current TES devices primarily consisted of a stimulating electrode
attached to the corneal surface, eyelids, or orbital skin, along with a
return electrode located at the occipital pole, forearm, or thigh, and
either an external or integrated microcurrent stimulator (de Rossi
et al., 2020; Stett et al., 2023; Parkinson et al., 2023). The electric
current reaches the retina through a minimally invasive or even
non-invasive manner, with the most severe side effects being tolerable
symptoms, such as mild inflammation and dry eyes, which are easily
treatable (Schatz et al., 2017; Wagner et al., 2017).

In contrast, the extraocular TI stimulation proposed here involves a
more invasive approach, as the return electrodes are implanted in the
posterior eye (6, > 105°). In practical applications, stimulating electrodes
can be modified as contact lenses that are attached to the corneal surface
(Xie et al, 2012). During the implantation of the return electrodes,
minimally invasive surgery is necessary to incise the skin and muscular
tissue at the corner of the eye (Soleymanzadeh et al., 2023), position the
return electrodes at the appropriate location behind the eyeball, and
subsequently suture it to the adjacent tissues. The wired connection
between the electrodes and the external simulator can also hinder eye
movement. However, this extraocular electrode implantation procedure
requires no incision or destruction of the eyeball, nor does it harm the
retina (Weiland and Humayun, 2014), enabling multiple repeated
surgical implantations. We anticipate that advancements in novel
electrode materials [such as carbon nanotube electrodes (Devi et al.,
2021)] and wireless coding technologies will facilitate the implantation
of multiple flexible electrode contacts with excellent conductivity and
biocompatibility in the posterior eyeball simultaneously. The wireless
return electrode array on the retinal surface will possess various spatial
configurations, such as a concentric ring: the inner return electrodes can
be fixed at the temporal side of the optic nerve cross-section, aiming for
targeted and steerable stimulation of the macular area, while the outer
ring is located at a more anterior position to achieve peripheral visual
field or optic nerve therapy. Prior to each treatment session, the
stimulating electrode array could be positioned on the corresponding
corneal surface based on the lesion area and the corresponding return
electrodes to generate a steerable TIEF through the TI strategy.

Besides, current TES devices are limited to generating a single
current waveform at once, typically a charge-balanced rectangular pulse
with a certain amplitude, phase duration, and frequency (Nagasato
et al., 2023; Stett et al., 2023). The retina, however, is an intricate tissue
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composed of multiple neural layers (such as photoreceptors, bipolar,
and ganglion cells), and each neuron type prefers a different frequency
of electrical stimulation (Freeman et al., 2010; Hadjinicolaou et al.,
2016). Traditional TES methods may not be able to selectively activate
multiple impaired neurons in the lesion area simultaneously. Conversely,
an innovative retinal electrical stimulation device equipped with multi-
extraocular stimulation channels will have the potential to generate
several TIEFs with distinct envelope frequencies, distributed either
separately or concentratedly through the TT approach (Zhu et al., 2019).

4.4 Limitation

In this study, we conducted computational calculations to
investigate the distribution patterns and modulation principles of TIEFs
generated by extraocular TI stimulation in a biologically detailed human
eye model. However, in practical applications, additional non-ocular
structures, including the skull, skin, and even brain tissues, may
influence the spatial characteristics of the TIEF (Lu et al., 2022; Lee et al.,
2021), exemplifying the abrupt change in the MMEA curve around the
optic nerve along the horizontal axis (middle illustrations in Figure 3).
In the future, it is imperative to integrate our detailed eyeball model into
a realistic human head model derived from medical imaging techniques,
such as MRI (Cvetkovi¢ et al.,, 2017; Haberbosch et al., 2019), which may
provide more practical guidance for clinical electrode implantation.

Furthermore, the optic nerve serves as the crucial link between
the eye and the brain, comprising millions of ganglion cell axons
responsible for transmitting action potentials to the lateral geniculate
nucleus (Selhorst and Chen, 2009). Several studies have demonstrated
that electrical stimulation can partially restore visual functions
compromised by optic neuropathy (Miura et al., 2023; Gall et al., 2016;
Gall et al,, 2010; Fedorov et al., 2011; Sabel et al., 2011; Bola et al.,
2014). In our study, the extraocular TI electrical stimulation also
exhibited a relatively convergent TIEF that covered the optic cross-
section under certain strategies, but distributions of the generated
TIEF along the axial direction of its depth remain unexplored.

Finally, our study mainly focused on spatial characteristics of
simulated electrostatic fields, neglecting the potential neural responses
evoked by the generated TIEE. For example, current intensity is a
critical parameter that affects neuronal response and safety in assessing
the effectiveness of electrical strategies in restoring visual function
(Schatz et al,, 2011; Schatz et al., 2017; Perin et al., 2019). Additionally,
it has been suggested that the carrier frequency of TI stimulation
should be high enough (— kHz) to elicit the desired neuronal response
(Twyford et al., 2014; Esmaeilpour et al., 2021), while the envelope
frequency should match the optimal response frequency of target
neurons (5-100 Hz)(Freeman et al., 2010; Hadjinicolaou et al., 2016; Su
etal., 2022). Related studies based on a population retinal ganglion cell
(RGC) model demonstrated that when return electrodes were fixed in
the macular (6, > 170°), the threshold for activating RGC populations
in response to TI stimulation was lower than 2 mA and increased with
higher carrier frequency (Song et al., 2024), which indirectly confirmed
that in our study when 6, = 170° and a.x = a, = 0.5, the central peak
value of the MMEA generated on the retinal surface was sufficient to
elicit a neural response. For other electrode montages or steerable
patterns, it might be appropriate to increase the current intensity of
stimulating channels or apply electrodes with stronger charge injection
capabilities, such as carbon nanotube electrodes (Devi et al., 2021).
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However, in vitro or in vivo experiments were still necessary to
determine the current safety limits required to elicit robust retinal
responses with minimal side effects and to investigate the characteristics
of specific retinal neurons in response to different stimulation
parameters. Furthermore, the physiological feasibility of TT strategy in
visual function restoration should be verified in clinical trials.

5 Conclusion

Here, we constructed a multi-layer human eye model, incorporating
the optic nerve segment and surrounding tissues, to explore the spatial
characteristics of TIEFs influenced by the optic nerve using an
extraocular TI stimulation approach. The results suggested that the
existence of the optic nerve modified the distribution and modulation
principles of TIEFs on the retinal surface generated by the TI strategy.
It brought increased axial anisotropies to the convergent area related to
the return electrode positions and induced diverse steerable patterns of
the TIEF that emerged across various retinal regions, such as the
macula, the area surrounding the optic nerve, and the peripheral retina.

Our results provided an innovative indication that the TI strategy
was available for targeted therapy for different retinal lesions or optic
neuropathies, emphasizing the need to consider the optic nerve when
selecting modulation paradigms. These findings also established a
theoretical framework for the development and implementation of
innovative retinal electrical stimulation devices based on TI
technology. Nevertheless, developing viable clinical protocols derived
from this methodology and further animal and human trials are
essential to validate the therapeutic benefits of TT stimulation for
retinal and optic nerve diseases.
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surface projected to the XOZ plane; middle right: MMEA values along the
normalized horizontal and vertical lines; lower right: TIEF distribution in the
macular area. Normalized MMEAs along horizontal (B) and vertical (C) lines
calculated from (A).

SUPPLEMENTARY FIGURE S2
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(C). Current ratios ¢y and @y = 0.1, 0.3, 0.5, 0.7, and 0.9, respectively. The
specific location of the horizontal electrodes was slightly adjusted referred to
Table 2 and Figure 6.
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the retinal surface: return electrode fixed at 6, = 120° (A) and 145°

(B) under different current ratios (@ x and @ x increased by 0.1) were
projected to the XOZ plane; green boxes: unclosed contour ranges on
the retinal surface, red boxes: contour ranges covered optic nerve cross-
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Esmaeilpour, Z., Kronberg, G., Reato, D., Parra, L. C,, and Bikson, M. (2021).
Temporal interference stimulation targets deep brain regions by modulating neural
oscillations. Brain Stimul. 14, 55-65. doi: 10.1016/j.brs.2020.11.007

Fedorov, A., Jobke, S., Bersnev, V., Chibisova, A., Chibisova, Y., Gall, C., et al. (2011).
Restoration of vision after optic nerve lesions with noninvasive transorbital alternating
current stimulation: a clinical observational study. Brain Stimul. 4, 189-201. doi:
10.1016/j.brs.2011.07.007

Freeman, D. K., Eddington, D. K., Rizzo, J. E. 3rd, and Fried, S. I. (2010). Selective
activation of neuronal targets with sinusoidal electric stimulation. J. Neurophysiol. 104,
2778-2791. doi: 10.1152/jn.00551.2010

Fujikado, T., Morimoto, T., Matsushita, K., Shimojo, H., Okawa, Y., and Tano, Y.
(2006). Effect of transcorneal electrical stimulation in patients with nonarteritic
ischemic optic neuropathy or traumatic optic neuropathy. Jpn. J. Ophthalmol. 50,
266-273. doi: 10.1007/s10384-005-0304-y

Gabriel, S., Lau, R. W, and Gabriel, C. (1996). The dielectric properties of biological
tissues: ITI. Parametric models for the dielectric spectrum of tissues. Phys. Med. Biol. 41,
2271-2293. doi: 10.1088/0031-9155/41/11/003

Gall, C,, Fedorov, A. B,, Ernst, L., Borrmann, A., and Sabel, B. A. (2010). Repetitive
transorbital alternating current stimulation in optic neuropathy. NeuroRehabilitation 27,
335-341. doi: 10.3233/nre-2010-0617

Gall, C., Schmidt, S., Schittkowski, M. P,, Antal, A., Ambrus, G. G., Paulus, W, et al.
(2016). Alternating current stimulation for vision restoration after optic nerve damage:
a randomized clinical trial. PLoS One 11:€0156134. doi: 10.1371/journal.pone.0156134

Grossman, N., Bono, D., Dedic, N., Kodandaramaiah, S. B., Rudenko, A., Suk, H. J.,
et al. (2017). Noninvasive deep brain stimulation via temporally interfering electric
fields. Cell 169, 1029-1041.e16. doi: 10.1016/j.cell.2017.05.024

Haberbosch, L., Datta, A., Thomas, C., Joof3, A., Koéhn, A., Ronnefarth, M., et al.
(2019). Safety aspects, tolerability and modeling of Retinofugal alternating current
stimulation. Front. Neurosci. 13:783. doi: 10.3389/fnins.2019.00783

Hadjinicolaou, A. E., Cloherty, S. L., Hung, Y. S., Kameneva, T., and Ibbotson, M. R.
(2016). Frequency responses of rat retinal ganglion cells. PLoS One 11:e0157676. doi:
10.1371/journal.pone.0157676

Hernandez-Sebastian, N., Carpio-Verdin, V. M., Ambriz-Vargas, F,
Morales-Morales, F., Benitez-Lara, A., Buenrostro-Jauregui, M. H., et al. (2023).
Fabrication and characterization of a flexible thin-film-based Array of microelectrodes
for corneal electrical stimulation. Micromachines 14:999. doi: 10.3390/mi14111999

Howell, B., and Mcintyre, C. C. (2016). Analyzing the tradeoff between electrical
complexity and accuracy in patient-specific computational models of deep brain
stimulation. J. Neural Eng. 13:036023. doi: 10.1088/1741-2560/13/3/036023

frontiersin.org


https://doi.org/10.3389/fnins.2024.1518488
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fnins.2024.1518488/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnins.2024.1518488/full#supplementary-material
https://doi.org/10.1007/s12283-018-0280-3
https://doi.org/10.51329/mehdiophthal1438
https://doi.org/10.1177/11206721231186166
https://doi.org/10.3233/rnn-221261
https://doi.org/10.1212/wnl.0000000000000672
https://doi.org/10.1088/1741-2552/ac6d7e
https://doi.org/10.1167/iovs.09-4346
https://doi.org/10.1155/2017/7932604
https://doi.org/10.21037/aes.2018.05.04
https://doi.org/10.1016/j.brs.2020.05.014
https://doi.org/10.1088/1741-2552/ac1e45
https://doi.org/10.1016/j.brs.2020.11.007
https://doi.org/10.1016/j.brs.2011.07.007
https://doi.org/10.1152/jn.00551.2010
https://doi.org/10.1007/s10384-005-0304-y
https://doi.org/10.1088/0031-9155/41/11/003
https://doi.org/10.3233/nre-2010-0617
https://doi.org/10.1371/journal.pone.0156134
https://doi.org/10.1016/j.cell.2017.05.024
https://doi.org/10.3389/fnins.2019.00783
https://doi.org/10.1371/journal.pone.0157676
https://doi.org/10.3390/mi14111999
https://doi.org/10.1088/1741-2560/13/3/036023

Zhou et al.

Inomata, K., Shinoda, K., Ohde, H., Tsunoda, K., Hanazono, G., Kimura, L, et al. (2007).
Transcorneal electrical stimulation of retina to treat longstanding retinal artery occlusion.
Graefes Arch. Clin. Exp. Ophthalmol. 245, 1773-1780. doi: 10.1007/s00417-007-0610-9

Inomata, K., Tsunoda, K., Hanazono, G., Kazato, Y., Shinoda, K., Yuzawa, M., et al.
(2008). Distribution of retinal responses evoked by transscleral electrical stimulation
detected by intrinsic signal imaging in macaque monkeys. Invest. Ophthalmol. Vis. Sci.
49, 2193-2200. doi: 10.1167/iovs.07-0727

Kahraman, N. S., and Oner, A. (2020). Effect of Transcorneal electrical stimulation on
patients with retinitis Pigmentosa. J. Ocul. Pharmacol. Ther. 36, 609-617. doi: 10.1089/
0p.2020.0017

Kurimoto, T., Oono, S., Oku, H., Tagami, Y., Kashimoto, R., Takata, M., et al. (2010).
Transcorneal electrical stimulation increases chorioretinal blood flow in normal human
subjects. Clin. Ophthalmol. 4, 1441-1446. doi: 10.2147/0pth.S14573

Lee, S., Park, J., Kwon, J., Kim, D. H., and Im, C. H. (2021). Multi-channel transorbital
electrical stimulation for effective stimulation of posterior retina. Sci. Rep. 11:9745. doi:
10.1038/s41598-021-89243-y

Li, J., Zhou, W, Liang, L., Li, Y., Xu, K., Li, X,, et al. (2024). Noninvasive electrical
stimulation as a neuroprotective strategy in retinal diseases: a systematic review of
preclinical studies. J. Transl. Med. 22:4766. doi: 10.1186/s12967-023-04766-4

Liu, W, Liu, S., Li, P,, and Yao, K. (2022). Retinitis Pigmentosa: Progress in molecular
pathology and Biotherapeutical strategies. Int. J. Mol. Sci. 23:4883. doi: 10.3390/
ijms23094883

Low, E N. (1951). Peripheral visual acuity. A.M.A. Arch. Ophthalmol. 45, 80-99. doi:
10.1001/archopht.1951.01700010083011

Lu, Y, Yan, Y., Chai, X., Ren, Q., Chen, Y., and Li, L. (2013). Electrical stimulation with
a penetrating optic nerve electrode array elicits visuotopic cortical responses in cats. J.
Neural Eng. 10:036022. doi: 10.1088/1741-2560/10/3/036022

Lu, Z., Zhou, M., Guo, T., Liang, J., Wu, W,, Gao, Q,, et al. (2022). An in-silico
analysis of retinal electric field distribution induced by different electrode design of
trans-corneal  electrical ~ stimulation. J. Neural Eng.  19:055004. doi:
10.1088/1741-2552/ac8e32

Lyu, Q, Lu, Z,, Li, H,, Qiu, S., Guo, J., Sui, X,, et al. (2020). A three-dimensional
microelectrode Array to generate virtual electrodes for Epiretinal prosthesis based on a
modeling study. Int. J. Neural Syst. 30:2050006. doi: 10.1142/50129065720500069

Meral, N., Zabek, O., Camenzind Zuche, H., Muller, U., Pretot, D., Rickmann, A., et al.
(2022). Metabolic long-term monitoring of Transcorneal electrical stimulation in
retinitis Pigmentosa. Ophthalmic Res. 65, 52-59. doi: 10.1159/000519998

Metwally, M. K., Han, S. M., and Kim, T. S. (2015). The effect of tissue anisotropy
on the radial and tangential components of the electric field in transcranial direct
current stimulation. Med. Biol. Eng. Comput. 53, 1085-1101. doi: 10.1007/
s11517-015-1301-z

Miura, G., Fujiwara, T., Ozawa, Y., Shiko, Y., Kawasaki, Y., Nizawa, T., et al. (2023).
Efficacy and safety of transdermal electrical stimulation in patients with nonarteritic
anterior ischemic optic neuropathy. Bioelectronic Med. 9:22. doi: 10.1186/
542234-023-00125-2

Mrejen, S., Audo, I, Bonnel, S., and Sahel, J. A. (2017). Retinitis Pigmentosa and other
dystrophies. Dev. Ophthalmol. 58, 191-201. doi: 10.1159/000455281

Muniz, J. A., De Athaide, L. M., Gomes, B. D., Finlay, B. L., and Silveira, L. C. (2014).
Ganglion cell and displaced amacrine cell density distribution in the retina of the howler
monkey (Alouatta caraya). PLoS One 9:¢115291. doi: 10.1371/journal.pone.0115291

Nagasato, D., Miura, G., Fujiwara, T., Iwase, T., Ozawa, Y., Shiko, Y., et al. (2023).
Exploratory clinical trial to evaluate the efficacy and safety of transdermal electrical
stimulation in patients with central retinal artery occlusion. PLoS One 18:€0282003. doi:
10.1371/journal.pone.0282003

Naycheva, L., Schatz, A., Willmann, G., Bartz-Schmidt, K. U,, Zrenner, E., Rock, T.,
etal. (2013). Transcorneal electrical stimulation in patients with retinal artery occlusion:
a prospective, randomized, sham-controlled pilot study. Ophthalmol Ther. 2, 25-39. doi:
10.1007/s40123-013-0012-5

Newton, E, and Megaw, R. (2020). Mechanisms of photoreceptor death in retinitis
Pigmentosa. Genes 11:1120. doi: 10.3390/genes11101120

Norman, R. E., Flanagan, J. G, Sigal, I. A, Rausch, S. M., Tertinegg, I., and Ethier, C. R.
(2011). Finite element modeling of the human sclera: influence on optic nerve head
biomechanics and connections with glaucoma. Exp. Eye Res. 93, 4-12. doi: 10.1016/j.
exer.2010.09.014

Oozeer, M., Veraart, C., Legat, V., and Delbeke, J. (2005). Simulation of intra-orbital
optic nerve electrical stimulation. Med. Biol. Eng. Comput. 43, 608-617. doi: 10.1007/
bf02351034

Parkinson, K. M., Sayre, E. C., and Tobe, S. W. (2023). Evaluation of visual acuity in
dry AMD patients after microcurrent electrical stimulation. Int. J. Retina Vitreous 9:36.
doi: 10.1186/540942-023-00471-y

Perin, C., Vigano, B., Piscitelli, D., Matteo, B. M., Meroni, R., and Cerri, C. G. (2019).
Non-invasive current stimulation in vision recovery: a review of the literature. Restor.
Neurol. Neurosci. 38, 239-250. doi: 10.3233/RNN-190948

Frontiers in Neuroscience

15

10.3389/fnins.2024.1518488

Pinna, A., Zinellu, A., Serra, R., Boscia, G., Ronchi, L., and Dore, S. (2023). Combined
branch retinal artery and central retinal vein occlusion: a systematic review. Vision 7:51.
doi: 10.3390/vision7030051

Sabel, B. A,, Fedorov, A. B,, Naue, N., Borrmann, A., Herrmann, C., and Gall, C.
(2011). Non-invasive alternating current stimulation improves vision in optic
neuropathy. Restor. Neurol. Neurosci. 29, 493-505. doi: 10.3233/RNN-2011-0624

Sabel, B. A., Kresinsky, A., Cardenas-Morales, L., Haueisen, J., Hunold, A.,
Dannhauer, M., et al. (2021). Evaluating current density modeling of non-invasive eye
and brain electrical stimulation using Phosphene thresholds. IEEE Trans. Neural Syst.
Rehabil. Eng. 29, 2133-2141. doi: 10.1109/TNSRE.2021.3120148

Sakaguchi, H., Kamei, M., Fujikado, T., Yonezawa, E., Ozawa, M., Cecilia-Gonzalez, C.,
etal. (2009). Artificial vision by direct optic nerve electrode (AV-DONE) implantation
in a blind patient with retinitis pigmentosa. J. Artif. Organs 12, 206-209. doi: 10.1007/
510047-009-0467-2

Sather, R. 3rd, Thinger, J., Simmons, M., Khundkar, T, Lobo, G. P, and
Montezuma, S. R. (2023). Clinical characteristics and genetic variants of a large cohort
of patients with retinitis Pigmentosa using multimodal imaging and next generation
sequencing. Int. J. Mol. Sci. 24:10895. doi: 10.3390/ijms241310895

Schatz, A., Pach, J., Gosheva, M., Naycheva, L., Willmann, G., Wilhelm, B,, et al.
(2017). Transcorneal electrical stimulation for patients with retinitis Pigmentosa: a
prospective, randomized, sham-controlled follow-up study over 1 year. Invest.
Ophthalmol. Vis. Sci. 58, 257-269. doi: 10.1167/i0vs.16-19906

Schatz, A., Rock, T., Naycheva, L., Willmann, G., Wilhelm, B., Peters, T, et al. (2011).
Transcorneal electrical stimulation for patients with retinitis pigmentosa: a prospective,
randomized, sham-controlled exploratory study. Invest. Ophthalmol. Vis. Sci. 52,
4485-4496. doi: 10.1167/i0vs.10-6932

Schmidt, I., Walter, P, Siekmann, U., Plange, N., Koutsonas, A., Mazinani, B. E., et al.
(2020). Development of visual acuity under hyperbaric oxygen treatment (HBO) in non
arteritic retinal branch artery occlusion. Graefes Arch. Clin. Exp. Ophthalmol. 258,
303-310. doi: 10.1007/s00417-019-04568-9

Scott, I. U., Campochiaro, P. A., Newman, N. J., and Biousse, V. (2020). Retinal
vascular occlusions. Lancet 396, 1927-1940. doi: 10.1016/s0140-6736(20)31559-2

Selhorst, J., and Chen, Y. (2009). The optic nerve. Semin. Neurol. 29, 029-035. doi:
10.1055/s-0028-1124020

Shahid, S., Wen, P,, and Ahfock, T. (2014). Assessment of electric field distribution in
anisotropic cortical and subcortical regions under the influence of tDCS.
Bioelectromagnetics 35, 41-57. doi: 10.1002/bem.21814

Shepherd, R. K., Shivdasani, M. N., Nayagam, D. A., Williams, C. E., and Blamey, P. J.
(2013). Visual prostheses for the blind. Trends Biotechnol. 31, 562-571. doi: 10.1016/j.
tibtech.2013.07.001

Soleymanzadeh, M., Esmaili, K., and Rafizadeh, S. M. (2023). A novel technique for
small-incision levator resection with a double mattress suture for ptosis correction.
Graefes Arch. Clin. Exp. Ophthalmol. 261, 3607-3613. doi: 10.1007/s00417-023-06126-w

Song, X., Guo, T., Ma, S., Zhou, E, Tian, ], Liu, Z., et al. (2024). Spatially selective
retinal ganglion cell activation using Low invasive extraocular temporal interference
stimulation. Int. J. Neural Syst. 35:2450066. doi: 10.1142/s0129065724500667

Song, X., Guo, T., Shivdasani, M. N., Dokos, S., Lovell, N. H,, Li, X,, et al. (2020).
Creation of virtual channels in the retina using synchronous and asynchronous
stimulation-a modelling study. J. Neural Eng. 17:065001. doi: 10.1088/1741-2552/abc3a9

Stett, A., Schatz, A., Gekeler, E, and Franklin, J. (2023). Transcorneal electrical
stimulation dose-dependently slows the visual field loss in retinitis Pigmentosa. Transl.
Vis. Sci. Technol. 12:29. doi: 10.1167/tvst.12.2.29

Stitzel, J. D., Duma, S. M., Cormier, J. M., and Herring, I. P. (2002). A nonlinear finite
element model of the eye with experimental validation for the prediction of globe
rupture. Stapp Car Crash J. 46, 81-102. doi: 10.4271/2002-22-0005

Stone, E. M. (2007). Macular degeneration. Annu. Rev. Med. 58, 477-490. doi: 10.1146/
annurev.med.58.111405.133335

Su, X., Guo, J., Zhou, M., Chen, J., Li, L., Chen, Y., et al. (2021). Computational
modeling of spatially selective retinal stimulation with temporally interfering electric
fields. IEEE Trans. Neural Syst. Rehabil. Eng. 29, 418-428. doi: 10.1109/
TNSRE.2021.3055203

Su, X,, Zhou, M,, Dj, L., Chen, J., Zhai, Z., Liang, J., et al. (2022). The visual cortical
responses to sinusoidal transcorneal electrical stimulation. Brain Res. 1785:147875. doi:
10.1016/j.brainres.2022.147875

Tsukitome, H., Hatsukawa, Y., Morimitsu, T., Yagasaki, T., and Kondo, M. (2015).
Changes in angle of optic nerve and angle of ocular orbit with increasing age in Japanese
children. Br. J. Ophthalmol. 99, 263-266. doi: 10.1136/bjophthalmol-2014-305236

Twyford, P, Cai, C., and Fried, S. (2014). Differential responses to high-frequency
electrical stimulation in ON and OFF retinal ganglion cells. J. Neural Eng. 11:025001.
doi: 10.1088/1741-2560/11/2/025001

Varma, D. D., Cugati, S., Lee, A. W,, and Chen, C. S. (2013). A review of central retinal
artery occlusion: clinical presentation and management. Eye 27, 688-697. doi: 10.1038/
eye.2013.25

frontiersin.org


https://doi.org/10.3389/fnins.2024.1518488
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1007/s00417-007-0610-9
https://doi.org/10.1167/iovs.07-0727
https://doi.org/10.1089/jop.2020.0017
https://doi.org/10.1089/jop.2020.0017
https://doi.org/10.2147/opth.S14573
https://doi.org/10.1038/s41598-021-89243-y
https://doi.org/10.1186/s12967-023-04766-4
https://doi.org/10.3390/ijms23094883
https://doi.org/10.3390/ijms23094883
https://doi.org/10.1001/archopht.1951.01700010083011
https://doi.org/10.1088/1741-2560/10/3/036022
https://doi.org/10.1088/1741-2552/ac8e32
https://doi.org/10.1142/s0129065720500069
https://doi.org/10.1159/000519998
https://doi.org/10.1007/s11517-015-1301-z
https://doi.org/10.1007/s11517-015-1301-z
https://doi.org/10.1186/s42234-023-00125-2
https://doi.org/10.1186/s42234-023-00125-2
https://doi.org/10.1159/000455281
https://doi.org/10.1371/journal.pone.0115291
https://doi.org/10.1371/journal.pone.0282003
https://doi.org/10.1007/s40123-013-0012-5
https://doi.org/10.3390/genes11101120
https://doi.org/10.1016/j.exer.2010.09.014
https://doi.org/10.1016/j.exer.2010.09.014
https://doi.org/10.1007/bf02351034
https://doi.org/10.1007/bf02351034
https://doi.org/10.1186/s40942-023-00471-y
https://doi.org/10.3233/RNN-190948
https://doi.org/10.3390/vision7030051
https://doi.org/10.3233/RNN-2011-0624
https://doi.org/10.1109/TNSRE.2021.3120148
https://doi.org/10.1007/s10047-009-0467-2
https://doi.org/10.1007/s10047-009-0467-2
https://doi.org/10.3390/ijms241310895
https://doi.org/10.1167/iovs.16-19906
https://doi.org/10.1167/iovs.10-6932
https://doi.org/10.1007/s00417-019-04568-9
https://doi.org/10.1016/s0140-6736(20)31559-2
https://doi.org/10.1055/s-0028-1124020
https://doi.org/10.1002/bem.21814
https://doi.org/10.1016/j.tibtech.2013.07.001
https://doi.org/10.1016/j.tibtech.2013.07.001
https://doi.org/10.1007/s00417-023-06126-w
https://doi.org/10.1142/s0129065724500667
https://doi.org/10.1088/1741-2552/abc3a9
https://doi.org/10.1167/tvst.12.2.29
https://doi.org/10.4271/2002-22-0005
https://doi.org/10.1146/annurev.med.58.111405.133335
https://doi.org/10.1146/annurev.med.58.111405.133335
https://doi.org/10.1109/TNSRE.2021.3055203
https://doi.org/10.1109/TNSRE.2021.3055203
https://doi.org/10.1016/j.brainres.2022.147875
https://doi.org/10.1136/bjophthalmol-2014-305236
https://doi.org/10.1088/1741-2560/11/2/025001
https://doi.org/10.1038/eye.2013.25
https://doi.org/10.1038/eye.2013.25

Zhou et al.

Veraart, C., Wanet-Defalque, M. C., Gerard, B., Vanlierde, A., and Delbeke, J. (2003).
Pattern recognition with the optic nerve visual prosthesis. Artif. Organs 27, 996-1004.
doi: 10.1046/j.1525-1594.2003.07305.x

Wagner, S. K., Jolly, J. K., Pefkianaki, M., Gekeler, E, Webster, A. R., Downes, S. M.,
etal. (2017). Transcorneal electrical stimulation for the treatment of retinitis pigmentosa:
results from the TESOLAUK trial. BMJ Open Ophthalmol. 2:¢000096. doi: 10.1136/
bmjophth-2017-000096

Wagner, S., Siier, E., Sigdel, B., Zrenner, E., and Strasser, T. (2023). Monocular
transcorneal electrical stimulation induces ciliary muscle thickening in contralateral eye.
Exp. Eye Res. 231:109475. doi: 10.1016/j.exer.2023.109475

Wang, X., Mo, X,, Li, D., Wang, Y, Fang, Y., Rong, X, et al. (2011). Neuroprotective
effect of transcorneal electrical stimulation on ischemic damage in the rat retina. Exp.
Eye Res. 93, 753-760. doi: 10.1016/j.exer.2011.09.022

Wang, X., Rumpel, H., Lim, W. E., Baskaran, M., Perera, S. A., Nongpiur, M. E,, et al.
(2016). Finite element analysis predicts large optic nerve head strains during horizontal
eye movements. Invest. Ophthalmol. Vis. Sci. 57, 2452-2462. doi: 10.1167/i0vs.15-18986

Weiland, J. D., and Humayun, M. S. (2014). Retinal prosthesis. I.E.E.E. Trans. Biomed.
Eng. 61, 1412-1424. doi: 10.1109/tbme.2014.2314733

Won, J. Y., Kim, S. E., and Park, Y. H. (2016). Effect of age and sex on retinal layer
thickness and volume in normal eyes. Medicine (Baltimore) 95:e5441. doi: 10.1097/
md.0000000000005441

World Health Organization. (2020). World Report on Vision. Available online at:
https://apps.who.int/iris/bitstream/handle/10665/328717/9789240008564-chi.pdf
(Accessed August 21, 2020)

Frontiers in Neuroscience

16

10.3389/fnins.2024.1518488

Wright, A. E, Chakarova, C. E, Abd El-Aziz, M. M., and Bhattacharya, S. S. (2010).
Photoreceptor degeneration: genetic and mechanistic dissection of a complex trait. Nat.
Rev. Genet. 11, 273-284. doi: 10.1038/nrg2717

Xie, J., Wang, G.-J., Yow, L., Humayun, M. S., Weiland, J. D., Cela, C. J.,, et al. (2012).
Preservation of retinotopic map in retinal degeneration. Exp. Eye Res. 98, 88-96. doi:
10.1016/j.exer.2012.03.017

Xie, J., Wang, G. J., Yow, L., Humayun, M., Weiland, J., Lazzi, G., et al. (2011).
Modeling and percept of transcorneal electrical stimulation in humans. L.E.E.E. Trans.
Biomed. Eng. 58, 1932-1939. doi: 10.1109/tbme.2010.2087378

Xu, L., Li, L., Xie, C., Guan, M., and Xue, Y. (2017). Thickness of extraocular muscle
and orbital fat in MRI predicts response to glucocorticoid therapy in Graves'
Ophthalmopathy. Int. J. Endocrinol. 2017:3196059. doi: 10.1155/2017/3196059

Zhao, Y., Ficek, B., Webster, K., Frangakis, C., Caffo, B., Hillis, A. E., et al. (2021).
White matter integrity predicts electrical stimulation (tDCS) and language therapy
effects in primary progressive aphasia. Neurorehabil. Neural Repair 35, 44-57. doi:
10.1177/1545968320971741

Zhu, X., Howard, J., Bailey, Z., Williamson, A., Green, R. A., Glowacki, E. D,, et al.
(2023). Temporal interference stimulation evoked neural local field potential oscillations
in-vivo. Brain Stimul. 16:3. doi: 10.1016/j.brs.2023.03.019

Zhu, X., Li, Y., Zheng, L., Shao, B., Liu, X,, Li, C,, et al. (2019). Multi-point temporal

interference stimulation by using each electrode to carry different frequency currents.
IEEE Access 7, 168839-168848. doi: 10.1109/access.2019.2947857

frontiersin.org


https://doi.org/10.3389/fnins.2024.1518488
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1046/j.1525-1594.2003.07305.x
https://doi.org/10.1136/bmjophth-2017-000096
https://doi.org/10.1136/bmjophth-2017-000096
https://doi.org/10.1016/j.exer.2023.109475
https://doi.org/10.1016/j.exer.2011.09.022
https://doi.org/10.1167/iovs.15-18986
https://doi.org/10.1109/tbme.2014.2314733
https://doi.org/10.1097/md.0000000000005441
https://doi.org/10.1097/md.0000000000005441
https://apps.who.int/iris/bitstream/handle/10665/328717/9789240008564-chi.pdf
https://doi.org/10.1038/nrg2717
https://doi.org/10.1016/j.exer.2012.03.017
https://doi.org/10.1109/tbme.2010.2087378
https://doi.org/10.1155/2017/3196059
https://doi.org/10.1177/1545968320971741
https://doi.org/10.1016/j.brs.2023.03.019
https://doi.org/10.1109/access.2019.2947857

	Optic nerve-mediated modulation of temporally interfering electric fields for potential targeted retinal disease therapy: a computational modeling study
	1 Introduction
	2 Materials and methods
	2.1 Human eye model with optic nerve segment
	2.2 Electrode montages and current ratio indexes
	2.3 TIEF calculation and analyses

	3 Results
	3.1 The optic nerve’s impacts on the spatial distribution of generated TIEFs
	3.2 Modulation patterns of generated TIEFs on the retinal surface mediated by the optic nerve

	4 Discussion
	4.1 Diverse distribution and modulation patterns of TIEF mediated by the optic nerve
	4.1.1 The optic nerve caused the convergent TIEF and retina to no longer coincide with the center TIEFs, which no longer overlapped with the retinal center
	4.1.2 Axial anisotropy of the convergent area increased since the existence of the optic nerve
	4.1.3 The optic nerve segment resulted in diverse modulation patterns in the retinal region
	4.2 Feasibility of selective therapy for retinal neurodegenerative, vascular, and optic nerve diseases
	4.2.1 Further posterior return electrodes were demanded for the therapy of central retinal diseases through the TI strategy mediated by the existence of the optic nerve
	4.2.2 The existence of the optic nerve does not constrain the therapeutic range of peripheral retinal diseases under the TI strategy
	4.2.3 TI strategy may enable effective targeting therapy for optic neuropathy
	4.3 Promotion for the development of novel retinal electrical stimulation devices
	4.4 Limitation

	5 Conclusion

	References

