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Abstract
Noninvasive transcorneal electrical stimulation (TES) has emerged as a potential strategy to

facilitate visual restoration and promote retinal cell survival for certain retinal and optic nerve

diseases owing to its neuroprotective effects. However, the neurovascular responses of

retinal neurons evoked by TES have not been completely determined. To investigate this

issue, we utilized a custom-designed spectral-domain optical coherence tomography (SD-

OCT) to record the retinal neural and vascular responses under TES in vivo simultaneously.

Significant increases of both positive and negative intrinsic optical signal (IOS) changes

were recorded in all three segmented retinal layers, which mainly related to neural activities.

However, the changes of TES-induced retinal vascular responses, including blood velocity,

cross-sectional area of vessel, and blood flow, were not significant. It suggests that TES

mainly elicited neural responses in retina, while no significant vascular responses were

evoked. Our results provide experimental evidence to the mechanism of retinal neurovas-

cular coupling under TES. Additionally, the present study also suggests that SD-OCT could

be utilized as a promoting method to explore neurovascular responses under retinal stim-

ulation in clinical treatment and technology.
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Introduction

Neurovascular coupling, which refers to the spatial and
temporal relationships between local neural activities and
subsequent vascular responses, was first proposed by Roy
and Sherrington over 100 years ago.1 Retina, the only part
of the central nervous system that can be visualized nonin-
vasively, also contains neurovascular coupling and pro-
vides the unique opportunity to study neurovascular

coupling and related physiological phenomena.2 To be spe-

cific, the retina consists of several layers of neurons inter-

connected by synapses, which form the complex neural

network to accomplish the preprocessing of visual signals.3

Many retinal diseases, such as age-related macular degen-

eration,4 diabetic retinopathy,5 retinitis pigmentosa,6 and

glaucoma,7 are caused by dysfunction in a specific retinal

layer, leading to morphological abnormalities or damage in
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neurovascular system. Consequently, it is of great signifi-
cance to detect mechanism of retinal neurovascular cou-
pling for the early diagnosis and treatment of retinal
diseases in clinical study.

In recent years, various technologies have been used to
detect neurovascular responses, such as functional laser
Doppler flowmetry,8 fundus photography,9 temporal laser
speckle imaging,10 and infrared-differential interference
contrast optics.11 However, the common limitation of
these technologies is the lack of depth-resolved informa-
tion, which fails to obtain information in the different
layers of retina. Optical coherence tomography (OCT), a
noninvasive imaging technique that uses coherent light to
capture micrometer-resolution and three-dimensional (3D)
images of highly scattering biological tissue, has become a
gold standard in ophthalmic imaging in last decade.12

Moreover, OCT can differentiate individual retinal layers
and provide detailed depth-resolved information of the
retina by means of high axial resolution. Generally, neural
activities can cause morphological changes of cytomem-
brane as well as cell bodies, further leading to changes of
intrinsic optical properties, which are called as intrinsic
optical signals (IOSs).13 Therefore, OCT provides an excel-
lent technique for depth-resolved IOS recording. Light-
evoked IOS changes have already been observed in both
photoreceptor layer and inner layers of retina, although the
sources of IOSs and mechanisms of mixed polarities are
complex and multiple.14–16 Meanwhile, Doppler OCT, one
of the most principle functional extensions, can provide
shifted phase information of backscattered light by
Doppler Effect. Additionally, Doppler OCT, capable of
detecting retinal vascular responses, has been widely uti-
lized for in vivo high-resolution imaging of blood vessels
and microvasculature. Several research groups have con-
firmed that flicker stimulus increases retinal blood flow,
which attributes to neurovascular coupling
mechanism.9,17,18

Retinal electrostimulation plays a critical role in the
neural modulation and visual restoration of ophthalmic
diseases and disorders. Noninvasive transcorneal electrical
stimulation (TES)19 has emerged as an evaluation method
of residual visual function for patients with severely
impaired20 and as a potential therapy to promote retinal
cell survival,21,22 such as photoreceptors and RGCs, to fur-
ther facilitate visual restoration and for certain retinal23 and
optic nerve24 disorders at the early or middle stages owing
to its neuroprotective effects.25–27 In spite of the therapeutic
effects have been demonstrated in both animal models and
clinical trials,28 it remains largely undefined of the specific
therapeutic mechanism of TES and its retinal neurovascular
responses. Electroretinogram (ERG), a common technique
in electrophysiology of ophthalmology, cannot be used to
directly record the retinal activity evoked by electrical cur-
rents due to the large artifact from the stimulus.29 By
recording electrically evoked potentials in optic chiasma30

and visual cortex,31 it was concluded that TES can activate
RGCs. Moreover, Fujikado et al. found that TES could acti-
vate principally RGCs by fundus camera, and they specu-
lated that TES might induce the neurovascular responses in

the retina and optic nerve as well.32,33 Nevertheless, it
remains unclarified of the neural activities of other retinal
cells and vascular responses evoked by TES due to the lack
of depth-resolved information.

Our previous work has already demonstrated that TES
could elicit neural responses in all retinal segmented
layers.34 Herein, the present study was designed to evalu-
ate neural and vascular responses of retina under TES
simultaneously, in order to further investigate neurovascu-
lar responses in retina evoked by TES. The study will pro-
vide beneficial information on the therapeutic mechanism
of TES and a novel technical method to detect retinal neuro-
vascular responses of electrical stimulation.

Materials and methods

Animal preparation

All experimental procedures were strictly performed in
accordance with the guidelines of the Care and Use of
Laboratory Animals issues by the National Institute of
Health and the ethical policies of Shanghai Jiao Tong
University.

Four cats (Fengxian, Shanghai, China) with weights of
2.3–2.7 kg were used in this study. After the intramuscular
administration of atropine sulfate (0.15mg/kg;
Kelongshouyao, Shanxi, China) to reduce salivation, the
cats were initially anesthetized for surgery and OCTrecord-
ing by intramuscular injection of tiletamine-zolazepam
(5mg/kg; Virbac, Carros, France), followed by artificial
ventilation by a pulmonary pump (Model 3000, Matrx,
New York, NY, USA) and subsequent anesthesia mainte-
nance by 0.5% isoflurane (RWD Life Science, Shenzhen,
Guangdong, China) mixed with air (flow rate 0.8–1.0mL/
min) throughout the experiments. The mixture of gallamine
triethiodide (10mg/kg/h; Sigma-Aldrich, St. Louis, MO,
USA) and glucose (24mg/kg/h; Huayu, Wuxi, Jiangsu,
China) was continuously and intravenously infused to
maintain the muscle relaxation and nutrition supply.
Temperature of cats was kept at approximately 38�C by
water-circulating heating pad (T/Pump TP702, Gaymar
Industries, New York, NY, USA). Moreover, end tidal
carbon dioxide (CO2), heart rate, and pulse oximetry
(SpO2) were monitored using amultiparameter life monitor
(PM-8000 Express, Mindray, Shenzhen, Guangdong, China)
throughout the experimental procedure. After preparation,
the head of cats were fixed with a stereotaxic frame (SN-3N,
Narishige, Tokyo, Japan) with ear and mouth bar to mini-
mizemovements caused by breathing and heartbeat. Before
the experiments, the pupils were dilated with topical tro-
picamide (0.5%; Santen Pharmaceutical, Osaka, Japan).

OCT imaging system

The diagram of our custom-designed spectral-domain opti-
cal coherence tomography (SD-OCT) system utilized in this
study is shown in Figure 1. To be specific, the light source
was a near infrared superluminescent diode (SLD,
Inphenix, Livermore, CA, USA) with a central wavelength
of 840 nm and a bandwidth of 45 nm. A fiber coupler with a
splitting ratio of 50:50 divided the light to the sample arm
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and reference arm. A galvanometer (Thorlabs, Newtown,
NJ, USA) was utilized to generate 3D OCT images. A linear
charge-coupled device camera (Teledyne e2v, Chelmsford,
England) with 27 kHz line rate was used to acquire inter-
ference signals. The calibrated axial resolution and imaging
depth were 7.22 lm and 5.16mm, respectively, in air. The
incident power of probe beam at the cornea was set at 0.9
mW, which was safe for eyes according to ANSI Z136.1
(2007). More details about the system were similar and
could be found in previous studies.35,36

Retinal stimulation

TES was delivered via a contact lens electrode (ERG-jet,
CareFusion, Middleton, WI, USA) placed on the surface
of corneal and a return electrode inserted in the neck
muscles. Hydroxyethylcellulose gel (1.3%; Santen
Pharmaceutical, Osaka, Japan) was applied to protect the
cornea and tomaintain good conductivity between the elec-
trode and the cornea. Charge-balanced, biphasic, and sym-
metric rectangular current pulses (cathode-first) of 10ms
pulse width and 20Hz frequency were generated by an
isolated, computer-controlled stimulus generator (STG
4004, Multi-Channel Systems, Reutlingen, Germany) and
then synchronized with OCT imaging system. Full-field
flicker stimuli (frequency: 20Hz, pulse width: 10 ls, illumi-
nance: 45 lux, and 30 s duration) were generated by an iso-
lated flashlamp system (including FD1 Flash Lamp Driver,
LS1130 Flashlamp and FO1 Liquid Light Guide, Tucker-
Davis Technologies, Alachua, FL, USA), and then entered
into the eyes through OCT optical system. In visual stimu-
lation, the tested eye of cats worn a contact lens of appro-
priate curvature to keep cornea moist. And the fellow eye
was covered throughout during the recording procedure.
Both TES and flicker stimuli are shown in Figure 1.

Experimental protocol

After fixed on the stereotaxic frame and dark-adapted for
30 min, a 3D retinal imaging was performed using OCT

imaging system. The A-line rate was 27 kHz. And the
optic disc was first identified in fundus image of retina,
as shown in Figure 2(a). There are three different experi-
ments in this study. In Exp. 1, the simultaneous IOS and
vascular changes evoked by TES were investigated.
Therefore, blood vessels with high signal-noise rate (SNR)
near the optical disc were chosen, and their adjacent areas
were applied as the region of interest (ROI). Repeated
B-scans with the width of �0.75mm (yellow line in
Figure 2(a)) were performed in this region. Each trial was
composed of 128 B-scans, and each B-scan contained 512A-
lines, totally lasting for 2.4 s. Five trails were repeated for
each stimulation condition with a 3-min trial-to-trail inter-
val for recovery. The data of Exp. 1 derived from five eyes of
four cats. In Exp. 2, total vascular responses evoked by TES
with prolonged recording time were evaluated. Therefore,
the boundary line of a circle with a diameter of 3mm cen-
tered on disc is selected as the ROI, as shown in Figure 2(b).
Repeated B-scans with the width of �9.42mm were per-
formed in this region. Each trial contained three scans
with 0.8-s scan-to-scan interval due to the restart of the
system. And each scan was composed of 8 B-scans and
each B-scan consisted of 8192 A-lines, totally lasting for
about 9 s. Five trials were repeated for each stimulation
condition with 5-min trail-to-trail interval for recovery.
The data of Exp. 2 derived from four eyes of three cats.
Various current intensities (0, 1.0, 2.0, and 3.0mA) with
the duration of 1 s were applied in both Exp. 1 and 2. In
Exp. 3, vascular changes evoked by light stimuli were
examined. The protocol turned out to be almost same
with that of Exp. 1, but was different in stimuli and record-
ing time. Flicker stimulation timewas prolonged to 30 s and
recording time was set as approximately 38 s. Thus, each
trial consisted of 12 scans with 0.8-s scan-to-scan interval.
The data of Exp.3 were derived from four eyes of three cats.

IOS data processing

The IOS changes are defined as the stimulus-evoked
changes of intrinsic optical properties, which mainly

Figure 1. Diagram of the custom-designed SD-OCT system utilized in this study. L1 to L4: lens; C1 to C3: collimating lens; SLD: super luminescent diode; M: mirror;

DG: diffraction grating; CCD: charge coupled device. Flicker stimuli and pulse wave electrical stimuli are shown in illustration. (A color version of this figure is available

in the online journal.)
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reflects light scattering in our study. They can be expressed
as DI=I, where DI indicates the stimulus-evoked magnitude
change and I suggests the magnitude before the stimula-
tion.14 Data analysis was performed on MATLAB
(MathWorks, Natick, MA, USA) using user-defined pro-
grams. Firstly, the acquired B-scan images in a trial were
registered using MATLAB function imregister. The first
B-scan image of each trail was used as the reference for
registering the subsequent images. As the B-scan images
were realized by bidirectional raster scanning, the images
corresponding to opposite scan directions might be lateral-
ly misaligned due to limited precision of the galvanome-
ter system, whereas the image registration method could
not totally eliminate this misalignment. Hence, only half
of the B-scan images corresponding to the same scan
direction were used for the following data analysis in
each trail. In order to evaluate the IOS changes in differ-
ent layers, the retina was segmented into three parts in
depth: inner retina from inner limiting membrane to
outer plexiform layer (OPL), outer retina from OPL to
the junction between inner segment of photoreceptor
and outer segment of photoreceptor (IS/OS), and subre-
tinal space from IS/OS to retinal pigment epithelium
(RPE)-Bruch’s membrane, which was applied by an
open source toolbox of OCT retinal segmentation in
MATLAB.34 For each trail, the differential images DI
were obtained by subtracting the reference image I,
which is the mean intensity of OCT signals averaged
from the first four images, from all the remaining
images in the trail. To increase the SNR, the final DI
were averaged by two consecutive DI. Therefore, the
frame rate of the DI was one-quarter of B-scan rate. To
obtain fractional IOS changes, DI was divided by the I on
a pixel-to-pixel basis. In order to attenuate the influence
of fluctuation and to intuitively reveal the changes, 0.7
and –0.5 were chosen as the threshold values for positive
and negative IOSs, respectively, according to our prelim-
inary experiments. Therefore, in this study, the pixels sat-
isfying DI=I > 0:7 were defined as positive pixels, while

the pixels satisfying DI=I < –0:5 were defined as negative
pixels. For quantitative evaluation of the IOS changes,
two parameters about the IOSs were further defined:
the ratio of positive/negative pixels in each part,
namely Ratioþ and Ratio�, which was calculated by the
ratio of the number of positive/negative pixels and the
number of all pixels in each part. To investigate the
simultaneous neural and vascular responses, scanning
positions were chosen at locations containing vessels in
the retina and IOS changes were extracted from the area
adjacent to the vessels.

Doppler OCT data processing

Doppler OCT is able to extract phase shifts in the backscat-
tered light, which could, therefore, provide information on
particle movements in the probed tissue region.9 The flow
velocity of fluid can be calculated by Doppler principle
using the following formula

v ¼ kDU
4pnscosa

where k is the central wavelength of the light source and DU
is the phase difference between subsequent A-lines, n rep-
resents the index of refraction and s represents the time
interval between subsequent A-lines. a in equation above
is the Doppler angle between probe beam and particle
movement.

The unambiguous phase difference calculated via
Fourier transform was within the range ½�p;p�. However,
in the case of quite high-flow velocities, the phase differ-
ence can exceed this range, called phase wrapping, which
could be achieved by adding or subtracting 2p to a phase
corresponding to the flow. Bulk motion algorithm based on
histogram analysis37 was also applied to get accurate phase
fluctuations. The vessels measured in this study were
approximately 2mm to the optic nerve head (ONH) and
obtained a wider range of measured velocity. Both phase

Figure 2. Typical fundus image of retina by SD-OCT and different retinal scanning protocols for cats. (a) Line scanning position. (b) Circular scanning position. Yellow

lines represent the locations where OCT probe beam scanned in both pictures. (A color version of this figure is available in the online journal.)
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unwrapping and bulk motion compensation were per-
formed in the Doppler OCT images to obtain accurate
blood flow inside the vessels. In addition, the Doppler
angle was carefully maintained constant throughout the
experiments. Therefore, the phase difference inside the
vessel was proportional to the blood velocity and
the phase difference alone could be used to represent the
blood velocity.

Doppler OCT phantom experiment

Before in vivo experiments, phantom assays were per-
formed to measure the accuracy, range, and precision of
the Doppler method in our SD-OCT system. Dilute milk
(50%) in the microtube (94-2702, SANSYO, Tokyo, Japan)
with an inner diameter of 0.5mm was driven by a peristal-
tic pump (BT100-2J, LongerPump, Baoding, Hebei, China)
at preset flow velocity. Lens L4 (Figure 1) was taken down
for focusing on the microtube by the probe beam.
Afterwards, measured velocity was calculated by equation
above. As shown in Figure 3, the measured velocity was
almost equal to the preset velocity in the range of 4mm/s to
17mm/s, further demonstrating the feasibility of our
method.

Results

IOS changes

The fundus image of retina and segmentation of retinal
layers post-processed from OCT data are shown in
Figures 2(b) and 4. IOSs were extracted and analyzed in
the following three segment parts: inner retina, outer
retina, and subretinal space. To investigate the depth-
resolved characteristics of TES-induced IOSs in retina,
data averaged across five eyes from four cats were analyzed
to present a statistical illustration in Figure 5, where yellow
rectangles indicated 1 s stimulation duration.

The time course of Ratioþ and Ratio� in the inner retina
are displayed in Figure 5(a) and (b), respectively.
Physiologically, the inner retina includes RGCs and their
nerve fibers, bipolar cells as well as synaptic junctions
between RGCs and bipolar cells. Both Ratioþ and Ratio�

increased significantly after the application of TES. These
changes lasted during the stimulation and decreased after
the cessation of TES. The increased amplitudes of Ratioþ

and Ratio� were almost equal in each group. Besides,
these changes increased more significantly with higher
applied current intensity. Therefore, the increases of
Ratioþ and Ratio� were highly associated with TES, indicat-
ing that TES could induce the increase of Ratioþ and Ratio�.

Figure 5(c) and (d) displays the changes of Ratioþ and
Ratio� in the outer retina, which includes photoreceptor cell
bodies and inner segments. Similar to the changes in the
inner retina, TES has been observed to be able to induce
the increase of Ratioþ and Ratio� in this part as well. But the
increased amplitudes of Ratio� were much higher than that
of Ratioþ, comparing with those almost equal in the inner
retina. Moreover, the increased magnitudes were higher in
each group of same TES intensity in comparison with the
inner retina.

The changes of Ratioþ and Ratio� in the subretinal space,
which includes the outer segment of photoreceptors, RPE
cells, and a part of tapetum, are shown in Figure 5(e)
and (f). Consistent to the first two parts, Ratioþ and Ratio�

increased with TES. However, in the opposite of those in
the outer retina, the increased magnitudes of Ratio� were
weaker than those of Ratioþ. Of note, the increased magni-
tudes in the subretinal space were the highest in all three
parts.

Slow increases were also observed in the control groups,
which could attribute to intrinsic noises and mechanical
error of galvanometer during scanning. In addition, the
recording time after stimulation was only 0.8 s, which
was not long enough to explore the total time course of
IOS changes.

Vascular changes

To investigate the possible coinstantaneous neural and vas-
cular responses with IOSs at the same location during the
application of TES, we selected the area containing blood
vessels with high SNR near the optical disc and their

Figure 3. Relationship between the preset velocity and measured flow velocity

by phase-resolved SD-OCT in microtube. (A color version of this figure is avail-

able in the online journal.)

Figure 4. Retinal segmentation layers for cats. ILM: inner limiting membrane;

GCL: ganglion cell layer; IPL: inner plexiform layer; INL: inner nuclear layer; OPL:

outer plexiform layer; ONL: outer nuclear layer; IS/OS: the junction between inner

segments of photoreceptor and outer segments of photoreceptor; RPE: retinal

pigment epithelium. (A color version of this figure is available in the online

journal.)
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adjacent areas as the ROI. Figure 6(a) represents the
Doppler OCT imaging of ROI. There are two blood vessels
in the figure. Concisely, the right side is an artery and the
left side is a vein. Because the flow directions of the retinal
artery and vein are opposite (the artery flows out of the
optic disc, while the vein flows into the optic disc), the
extracted phase difference according to the Doppler fre-
quency shift is also distinct. In addition, the arterial
changes were more pronounced during the stimulation.

Thus, the artery was selected for subsequent process and
analysis. The pulsatile phase was extracted from OCT data
recording during in vivo experiments. As shown in Figure 6
(b), the pulsatile frequency was in accordance with the fre-
quency of heartbreak, indicating the high accuracy of our
method. To evaluate the retinal vascular responses under
TES, we extracted the change rates of blood velocity, cross-
sectional area of vessel, and blood flow from Doppler OCT
images. The results of single retinal vascular responses

Figure 5. The time course of the ratios of positive and negative pixels of IOS changes in segmented layers under TES with various current intensities: (a–b) inner retina,

(c–d) outer retina, and (e–f) subretinal space. The yellow rectangles represent stimulation duration for 1 s. (A color version of this figure is available in the online journal.)
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under TES are shown in Figure 7. The parameters of vessels
were calculated in several heartbeat cycles. The changes
before, during, and after TES were not obvious. The
changes of vascular responses were all within the range
of �3%, which were in the error range due to the noise.
In addition, based on t-test, there was showed no signifi-
cant difference between experimental groups and the con-
trol groups, which was suggestive of the unobvious
changes of retinal vascular responses under TES.

To investigate the total vascular responses in retina
under TES, circular scanning was used (Figure 2(b)).
Similar to the aforementioned reason, main arteries were
chosen for data processing and analysis as the red division
shown in Figure 8. As shown in Figure 9, the sum responses
of several major vascular were within approximately 9 s.
Similar to the above results, the changes of vascular
responses were all in the range of �5%, which also reveals
the unobvious changes of retinal vascular responses
under TES.

The changes of velocity in retinal vessels under 30 s flick-
er stimulation were also measured. The change rate of

velocity in retinal vessels under 30 s flicker stimulation is
shown in Figure 10. As a result, the velocity increased
slowly during the stimulation and reached about an
increase rate of 8% at the end of stimulation, illustrating
that flicker stimulation can increase retinal blood flow.

Discussion

In the present study, we demonstrated that TES could
evoke IOS changes in all three segmented retinal layers of
cats, whereas the retinal vascular responses evoked by TES
were almost unchanged with three different experimental
protocols.

Experimental protocols

Doppler OCT can obtain the distribution of the object
motion velocity by calculating the phase differences
between two adjacent A-lines.38 There were 1.5lm apart
on the retina to guarantee that the distance between
A-lines is much smaller than the optical spot size in our
system. Moreover, the limitation of data capacity was

Figure 6. Doppler OCT imaging in vivo. (a) Typical Doppler OCT image of retinal vessels by line scanning. (b) Phase variation with time inside the artery extracted from

OCT data. (A color version of this figure is available in the online journal.)

Figure 7. Change rate of (a) blood velocity, (b) cross-sectional area of vessel, and (c) blood flow of retina under TES (from response of single major retinal vessel in

each experiment). The yellow rectangles represent stimulation period. Data above are presented as means�SD. (A color version of this figure is available in the online

journal.)
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Figure 9. Change rate of (a) blood velocity, (b) cross-sectional area of vessel, and (c) blood flow of retina under TES (from sum responses of several major retinal

vessels in each experiment). The yellow rectangles represent stimulation period. Data above are presented as means�SD. (A color version of this figure is available in

the online journal.)

Figure 8. Typical Doppler OCT image of total retinal vessels by circular scanning. (A color version of this figure is available in the online journal.)

Figure 10. The change rate of velocity in retinal vessels under 30 s-flicker stimulation. The yellow rectangle represents stimulation period. Data above are presented as

means�SD. (A color version of this figure is available in the online journal.)
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65,536A-lines. Thus, different experimental protocols for
different experiments were designed. In Exp. 1, the width
of �0.75mm (Figure 2(a)) with a high temporal resolution
(�19 ms, 512A-lines*128 B-scans) was scanned to record
simultaneous neural and vascular responses for 2.4 s in
each trail. Different neural responses were detected under
TES with various parameters, while the responses of single
retinal vascular were not significant. However, there were
certain deficiencies in Exp. 1. On one hand, scanning posi-
tion only included single major retinal vessel in each exper-
iment, which cannot reflect the total vascular responses of
the retina. On the other hand, vascular responses may be
delayed, while 0.8 s post-stimulus period was not long
enough to record the delayed responses. To overcome the
deficiencies, circular scanning for �9.4mm was used to
obtain total vascular responses (Figure 2(b)). In order to
meet requirements of the spatial resolution for Doppler
OCT, 8192A-lines*8 B-scans mode was selected by sacrific-
ing the temporal resolution (0.3 s). In addition, the number
of scanning was also three times to �9 s in order to record
the possible delayed responses. The results still revealed
unobvious changes in retinal vascular responses under
TES. To verify the reliability of our results, the changes in
velocity in retinal vessels were also measured under 30 s
flicker stimuli. The results showed that during the flicker
stimulation, significant vascular responses kept increasing,
which was consistent with the results proven in previous
reports.9,17,18 This conclusion firmly verified the reliability
of the OCT system and experimental animals, and further
proved the validity of the responses evoked by TES.

Neural responses

Our results showed significant IOS changes could be
evoked by TES in all three segmented retinal layers,
which were positively correlated with the stimulation cur-
rent intensity. It is consistent with the results in the study of
Morimoto et al., revealing that the intensities of reflectance
changes (RCs) were dependent on the stimulus parameters
of TES.33 In other words, scattering changes could be
evoked by TES in the whole retina during the stimulation.
In addition, both positive and negative scattering changes
were detected, while the magnitude of TES-induced IOSs
was the strongest in the subretinal space and the lowest in
the inner retina. The magnitudes of IOSs changes were sur-
prisingly in accordance with the results under light stimu-
lation,13,15,39 which could also be detected in all retinal
layers.13,40 The possible reasons for these light-induced
changes are the binding and release of G-proteins as well
as photoexcited rhodopsin, localized biochemical process-
es, and photoreceptor outer segment disk swelling/shrink-
age.14 However, in the present study, several possible
effects may account for TES-induced scattering changes,
including the retinal neural responses evoked by TES,
and other factors unrelated to cellular neural activity, for
instance, noise artifacts generated by optical imaging
system during recording and hemodynamic responses as
well as retinal structural and morphological changes
caused by extrinsic electrical stimulation.

Plenty of researches have already demonstrated that TES
could effectively activate neurons in retina.29–32 However,
the specific acting site varies from study to study due to the
different recording and analyzing methods. Initial studies
have suggested that TES could activate the inner retina,
which is the mainstream view to date.30–32 Morimoto
et al. have revealed that retinal reflectance changes (RCs)
represented the response of neural activity and TES might
stimulate RGCs and optic nerve; therefore, neural activities
of retina could induce the scattering changes.33 Moreover,
our previous study has also discussed the possibility that
TES might activate the outer retina.34 Although the activat-
ed TES-evoked retinal layers should be further investigated
using methods with higher spatial and depth resolution,
there is no doubt that scattering changes are related with
the retinal neural responses.

In addition, hemodynamic responses may cause the
scattering changes of retina.32,33 However, the area where
IOSs extracted from did not contain any retinal vessels,
demonstrating that hemodynamic responses could not be
the possible reason for scattering changes in this study.
Generally, there is a delay of 2–3 s in the scattering changes
caused by hemodynamic responses,32 while the observed
scattering changes started within 75.8ms, which is the time
resolution of our devices. On the other hand, in our study,
we did not observe any significant vascular changes
evoked by TES. Combined with the above points, we sug-
gest that hemodynamic responses are independent from
the scattering changes caused by TES.

Inomata et al. reported that TES with intensity higher
than 1mAwould cause a degradation in the imaging qual-
ity with mosaic imaging artifacts induced by recording
changes in the reflectance of infrared light from the
monkey retinas after transscleral electrical stimulation by
DTL electrodes.29 They suggested that the degraded imag-
ing quality was caused by the vibration of corneal epithe-
lium and the constriction of choroidal arterial.
Additionally, the distortions and thickness changes of
retina may also result in imaging artifacts. To exclude
these possible causes, our previous work has demonstrated
that TES within 3.0mAwould not cause image quality deg-
radation without discernible mosaic imaging artifacts or
detectable distortion or thickness changes of retina.34 And
results conflicted with aforementioned studies may be due
to the different stimulating electrodes and recording
methods.

In conclusion, we suggest that the TES-induced scatter-
ing changes of retina are partly related to the retinal cellular
neural responses, although further investigations are war-
ranted to explore the underlying physiological mechanisms
and specific activated cell types.

Vascular responses

We also detected retinal vascular responses under TES. We
measured the blood velocity, cross-sectional area of vessel
and blood flow of both single retinal vessel and several
major retinal vessels evoked by TES. Different from
neural responses, there were no significant changes
before, during, and after electrical stimulation, which is
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totally different with the results under visual stimulation as
well. David group investigated that the blood flow, arterial
vessel cross-sectional area, and arterial flow velocity
increased 22.2%, 2.7%, and 18.3%, respectively, after 30 s
of flicker stimulation in human eyes with Doppler
Fourier-domain OCT (FD-OCT).17 Werkmeister et al. inves-
tigated that the retinal vessel diameter, blood velocity, and
blood flow increased 3.4%, 28.1%, and 36.2%, respectively,
after 60 s of diffuse flicker stimulation in rat eyes with com-
bination of Doppler FD-OCT and fundus camera.9 Our
experiment also reported that the velocity of retinal vessels
increased 8% after 30 s flicker stimulation, which verified
the reliability of the system. The smaller changemay be due
to the shorter pulse width of light stimuli, only 10 ls, which
is almost thousandth of the other studies. However, we did
not observe significant vascular changes during TES
experiments, which might be the result from different proc-
essing pathways between visual and electrical stimulation.
There was also the possibility that the responses evoked by
our electrical stimuli protocol were extremely small.
Therefore, the changes may be drowned by the noise, or
may only exist in capillaries as well.

Different processing pathways with different intrinsic
processing mechanism between visual as well as electrical
stimulation may be the explanation for various vascular
responses. In normal vision, photoreceptors convert light
into electrical signals to stimulate subsequent biological
processes, which is called phototransduction. However, as
manifested by the aforementioned results, TES mainly acti-
vated inner retina neurons (primarily RGCs) instead of
photoreceptors.30,41 Besides, there are about 96.6 million
photoreceptors in the human retina,42 while only about
0.7 to 1.5 million RCCs per retina.43 The lack of phototrans-
duction, light adaption, and fewer neurons involved in TES
would significantly reduce energy consumption.44 And the
retinal vascular system provides a sufficient energy source
for retina. Thus, the lack of energy-consuming process may
dramatically reduce vascular responses under TES com-
pared to significant vascular changes under light
stimulation.

However, there was also the possibility that the
responses evoked by our electrical stimuli protocol were
extremely small. Fujikado group explored the changes of
RCs evoked by TES using different parameters by fundus
camera.33 They found that amplitudes of responses under
4 s-TES were five times greater than those under 1 s-TES.
We cautiously speculate that vascular responses were
extremely sensitive to change of stimulus duration. Thus,
the responses evoked by 1 s-stimuli were too small to be
covered by the noise. However, previous research revealed
that current intensity more than 3.6mA would evoke
abrupt change in cortical responses of cats.45 Thus, we
did not prolong our stimuli protocol with maximum inten-
sity of 3.0mA in consideration of safety factors. In addition,
charge deliver efficiency varies between different electro-
des could result in inconsistent results as well. Moreover,
Kurimoto et al. found that prolonged TES for 3 and 24 h
would significantly increase chorioretinal blood flow in
normal human subjects.46 Thus, the 1 s-stimuli might only
evoked responses in choroid capillary. However, we only

measure the major retinal arteries around the ONH with
the limited resolution devices. The vascular changes
evoked by our stimuli protocol might be extremely small,
resulting in the changes drowned by the noise. There was
also the possibility that these small changes only existed in
capillaries. Thus, the recording of changes in retinal vessels
was not obvious.

To sum up, vascular responses evoked by TES were
almost unvaried in present study, which was quite different
from those evoked by light stimuli. These phenomena may
be mainly caused by different processing pathways
between visual and electrical stimulation. Additionally,
small TES-evoked responses might be another explanation.

In summary, we explored the retinal neural and vascular
responses under TES simultaneously with custom-
designed SD-OCT. Both positive and negative IOS changes
could be evoked in three segmented parts in retina. And to
rule out other possible factors, we suggested that these scat-
tering changes were mainly related to the retinal neural
responses. Vascular responses were not significant in the
present. Different processing pathways with different
intrinsic processing mechanisms between visual and elec-
trical stimulation may result in these various vascular
responses. Small TES-evoked responses may be another
explanation. Thus, we concluded that TES predominately
evoked neural responses in retina, while vascular
responses were not obvious. These results provide benefi-
cial references to the mechanism of retinal neurovascular
coupling under TES. And the present study suggests that
SD-OCT could be utilized as a novel method in clinical
treatment as well as technology to detect neurovascular
responses with retinal stimulation. Nevertheless, further
studies are necessary to obtain more comprehensive under-
standings of neurovascular responses and their mechanism
evoked by TES with higher spatiotemporal resolution
devices.
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