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Purpose: Wetested the hypothesis that five daily sessions of visual cortex transcranial random
noise stimulation would improve contrast sensitivity, crowded and uncrowded visual acuity in
adults with amblyopia.

Methods: Nineteen adults with amblyopia (44.2 £ 14.9yrs, 10 female) were randomly allocated
to active or sham tRNS of the visual cortex (active, n=9; sham, n = 10). tRNS was delivered for
25 minutes across five consecutive days. Monocular contrast sensitivity, uncrowded and
crowded visual acuity were measured before, during, 5 minutes and 30 minutes post stimulation
on each day.

Results: Active tRNS significantly improved contrast sensitivity for both amblyopic and fellow
eyes whereas sham stimulation had no effect. An analysis of the day by day effects revealed
large within session improvements on day 1 for the active group that waned across subsequent
days. No long-lasting changes in baseline contrast sensitivity were observed in the active group.
The uncrowded visual acuity measurements followed the same trend, but differences in baseline
uncrowded visual acuity between the two groups prevent definitive conclusions. No effect of

tRNS was observed for crowded visual acuity.
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Conclusions: In agreement with previous non-invasive brain stimulation studies using different
techniques, tRNS induced short-term contrast sensitivity improvements in adult amblyopic eyes,
and the effects may extend to uncrowded visual acuity. However, multiple sessions of tRNS did
not lead to enhanced or long-lasting effects. Multi-modal approaches to adult amblyopia
treatment that combine non-invasive brain stimulation with other interventions may be required

to induce long lasting improvementsin visual function.

Keywords: Visual cortex plasticity; amblyopia; contrast sensitivity; visual acuity; non-invasive

brain stimulation; transcranial random noise stimulation
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Introduction

Amblyopiaisadevelopmental disorder of the visual cortex, with a prevalence of 1-5% [1-3].
Amblyopia causes awide range of vision deficits [4,5], including a monocular loss of high-
contrast visual acuity [6,7] that is particularly pronounced for crowded optotypes [8,9], reduced
contrast sensitivity in the affected eye [6,10-12], and impaired or absent stereopsis [13,14].
Amblyopiais also associated with chronic suppression of the affected eye [15,16] that may play

akey rolein the etiology of the disorder [17].

Amblyopiainvolves abnormal processing within the primary and extrastriate visual cortex [18]
and therefore recovery from amblyopia requires a change in cortical function. Current amblyopia
treatments achieve this by directly manipulating visual input to the brain. For example, the most
common amblyopia treatment involves the provision of aclear retinal image in the amblyopic
eye using refractive correction followed by occlusion of the non-amblyopic eye. This treatment
improves amblyopic eye visual acuity, but has drawbacks in terms of compliance [19] and

reduced efficacy with increasing age [20].

Transcranial eectrical stimulation (tES) refers to a suite of non-invasive neuro-modulation
techniques including transcranial direct current stimulation (tDCS), transcranial alternating
current stimulation (tACS) and transcranial random noise stimulation (tRNS) that may enhance
plasticity in targeted regions of the human brain [21-23], including the visual cortex [24-26].
Currently, tES methods are being investigated as a potential neurorehabilitation tool for disorders

including stroke [27-30], chronic pain [31,32] and tinnitus [33,34].
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Following early work that reported improved contrast sensitivity in adults with amblyopia after
visual cortex transcranial magnetic stimulation [35,36], a number of studies have investigated the
application of anodal tDCS to amblyopia. A single session of anodal tDCS improves amblyopic
eye contrast sensitivity [37,38], increases visually evoked potential (VEP) amplitudes induced by
stimuli presented to the amblyopic eye [38], and balances the response to inputs from each eye
within visual cortex [37]. Furthermore, anodal tDCS enhances the effect of perceptual learning
(PL) in adults with amblyopia [26] and recent studies have revealed that visual acuity, detection
thresholds, and stereopsisimprove in mature amblyopic rats following anodal tDCS [39-41].
One potential mechanism for anodal tDCS effects in adults with amblyopiais areduction in
GABA-mediated inhibition [42] within the visual cortex. GABA has been associated with
interocular suppression in strabismic cats[43] and may act asa“break” on visual cortex

plasticity [44].

A recently developed tES technique, tRNS, involves an alternating current that randomly
changes in frequency and amplitude [45]. tRNS may have larger effects on cortical activity than
other tES protocols. For example, tRNS induced significantly greater improvements in tinnitus
symptoms [33] and larger increases in motor evoked potential amplitude (MEP) [21] compared
to either tDCS or tACS. Furthermore, visual cortex tRNS enhanced visual perceptual learningin
adults with normal vision to a greater extent than anodal tDCS [46]. Potential mechanisms for
these effects include an acute enhancement of the signal-to-noise ratio within the visual cortex
due to stochastic resonance [47-49] and longer-lasting alterations in neural membrane function

due to repetitive opening and closing of sodium channels [50].
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Building on prior amblyopia tES studies, we tested the hypothesis that five daily sessions of
visual cortex tRNS would lead to improved amblyopic eye contrast sensitivity, crowded and
uncrowded amblyopic eye visual acuity in adult patients. We employed a single-blind, between
subjects, randomized, sham-controlled study design and observed significant improvements for
each of our outcome measures in the active tRNS group compared to the sham-stimulation
(placebo) group. These effects did not persist at follow-up 28 days after the last stimulation

session.

Methods and materials

Participants

Nineteen healthy adults with amblyopia (mean age 44.2 + 14.9 yrs) participated (T able 1).
Participants were randomly assigned to the active tRNS group or to the control (sham) group.
Amblyopiawas defined as reduced best corrected visual acuity (> +0.3 logMAR) in one eyein
the absence of ocular pathology and at least a0.2 logMAR acuity difference between the eyes.
Anisometropia was defined as a difference in spherical equivalent between the two eyes of >
0.50 Diopters (D), or adifference of astigmatism in any meridian > 1.50 D [51]. Initial visual
acuity was measured using an M& S Snellen chart. Inclusion criteriawere: (i) presence of
strabismic and/or anisometropic amblyopia; (ii) 0.0 logMAR visual acuity or better in the fellow
eye (FE). Exclusion criteria[52-55] were: (i) presence of a scalp skin condition that
contraindicated tRNS; (ii) history of neurological or psychiatric disorders, such as seizures; (iii)
current medication for the treatment of neurological or psychiatric disorders; (iv) a history of
brain injury; (v) implanted medical devices. Data were collected within aclinical optometric

practice to provide areal-world clinical setting. Potential participants were contacted following a
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search of the clinic’s patient database. Interested participants completed telephone screening to
determine eligibility. The experimental procedures were approved by the Ethics Review Board
of the University of Waterloo, Canada and were consistent with the declaration of Helsinki.
Written informed consent was obtained from all participants. All participants were remunerated

for their time. Two subjects were excluded due to loss of follow up after first day (Figure 1).

Table 1: Clinical details of the study participants (AG: Active group; SG: Sham group; AME: Amblyopic eye; FFE: Fellow fixating eye;
ADD: Near power addition; Aniso: Anisometropia; Strab: Strabismus; Mixed: Anisometropia & Strabismus; M: Male; F: Female).

Identification Age/sex Patching Type of amblyopia Stereoacuity Visual acuity (logMAR) Current refraction
AME  FFE AME FFE ADD
AGI1 27/M Yes Mixed <800 | 4+1.40 | 0.00 |+2.0-0.50x155 +0.50 DS
AG2 20/M Yes Aniso 400 +0.50 | -0.05 | +1.00-1.50x 175 Plano
AG3 37/M Yes Aniso <800 +030 | 0.00 |-1.00-1.00x 100 -0.25-2.50 x 090
AG4 45/F Yes Aniso 200 +030 | 0.00 [+2.75-0.75x080 | +2.00-0.25x159 | 4150
AGS 59/M No Aniso <800 +0,70 | 0.00 |+8.25DS 48.25-1.25x 105 +2.50
AG6 41/F Yes Mixed <800 | 4050 | 0.00 |+2.00DS $0.25-3.75x179 | 4075
AGT 46/M No Aniso <800 | 40.40 | 0.00 [+0.75DS +4.25 -0.50 X 165
AGS 52/F No Aniso 400 +0,70 | 0.00 |+0.50-0.50x%175 42.00-0.50 x 075 +2.25
AGY 21/F No Aniso 60 +050 | +0.10 [ +0.50-4.00x180 | Plano
SGI S1/F Yes Mixed <800 | +0.30 | -0.09 |+3.25-0.50x165 | Plano +2.25
8G2 21/F No Aniso <800 +0.30 | 0.00 |+4.50-2.50x 180 43.50-1.50x 167
SG3 58/F No Aniso <800 | 4050 | 0.00 [+450-375x176 |[43.75-3.75x176 | 42.25
SG4 58/M Yes Aniso 400 +030 | 0.00 [+4.00-0.25x180 |+150-0.50x180 | 4275
8G5 52/F No Aniso 200 +0.40 | 0.00 |-2.50-0.50x 155 -1.50 DS
SG6 19/M No Aniso <800 +0.30 | 0.00 |+2.25DS +0.75 DS
SG7 55/M No Strab <800 | +030 | 0.00 [+1.75-0.75x085 |+1.75-0.75x090 | 4+2.00
SG8 49/M No Strab 100 +0.30 | 0.00 |+1.75DS +1.50 DS
SGY 24/M No Mixed <800 +0.30 | 0.00 |+8.25-2.00x160 +6.50-1.25 x 0.40
SG10 58/F No Strab <800 +0.50 | 0.00 |+4.50-0.25x176 +3.50-0.50 x 165 +2.75
Procedure

A single-blind, sham controlled, between-subjects design was adopted. Randomization was
conducted by an experimenter who was not involved in data collection or eligibility assessment
using arandom number generator. Randomization occurred after participants had met the
eligibility criteriaand completed study enrolment. Participants completed 5 consecutive daily
stimulation sessions and a follow-up session 28 days after the final stimulation session.

Transcranial Random Noise Stimulation
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Subjects elther received tRNS (2.0 mA, current density: 0.08 mA/cm, frequency range 0.1-640
Hz) or placebo (sham) stimulation of the primary visual cortex for 25 min over 5 consecutive
days. Stimulation was delivered using a DC-stimulation MC device (Eldith, NeuroConn GmbH,

Germany). The stimulation was delivered viaapair of saline-soaked surface sponge electrodes (5

cmx5cm, 25 sz) placed at Cz (reference) and Oz (stimulating electrode)[56], as determined

by the international 10/20 electroencephal ogram system. The AC current was initially ramped up
to a maximum of 2mA over 30 s and ramped down to OmA over 30 s at the end of the
stimulation session. During sham stimulation, the 30 s ramp-up was immediately followed by the
ramp-down out [57]. Our between subjects design and use of participants entirely naive to non-
invasive brain stimulation ensured that participants remained masked to their treatment

allocation. Our application of tRNS conformed to tDCS safety guidelines [55,58].
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Enrollment Assessed for eligibility (n=36)

Excluded (n=8)

+ Not meeting inclusion criteria (n= 2)

+ Declined to participate due to
required time commitment (n= 15)

Randomized (n= 19)

4 [L Allocation }
Allocated to active group (n=9) Allocated to sham group (n= 10)
+ Received allocated intervention (n=9) + Received allocated intervention (n=10)

[ hl
l Follow-Up J
Lost to follow-up (participants completed

. ] ) ] Day 1 but did not attend Day 2-5 sessions)
+Discontinued intervention (n=0) (n=2)

Lost to follow-up (n=0)

+«Discontinued intervention (n= 0)

Y [ Analysis ] Y
Analysed (n=9) Analysed (n=8)

+ The amblyopic eye of 1 participant was
excluded from the contrast sensitivity analysis
only due to a technical error on day 1.

Figure 1. CONSORT flow diagram for the study

Visual Function Measurements

Monocular contrast sensitivity and visual acuity (both crowded and uncrowded) were measured
before, during, 5 min post, and 30 min post stimulation on each stimulation day (Figure 2). All
measurements were made using Landolt-C optotypes presented using the Freiburg Vision Test

(‘FrACT") [59,60] software package on aMacBook Pro (Version 10.13.6, 13-inch, 2.7 GHz,
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2560 x 1600). The Landolt-C optotype was presented at 8 possible orientations and viewed from
3 m. Participants identified the gap orientation using button presses. Trials were self-paced with
amaximum display time of 30 s. A Bayesian adaptive (“Best PET”) agorithm controlled
optotype size for the crowded and uncrowded visual acuity threshold measurements and optotype
contrast for the contrast sensitivity threshold measurement. Each threshold measurement lasted
approximately 3 min. Landolt-C gap width was fixed at 30 arcmin for the non-amblyopic eye
and 100 arcmin for the amblyopic eye during the contrast sensitivity measures. Crowded
optotypes were surrounded by a circle. Both the fellow eye and amblyopic eye were tested
monocularly with the fellow tested first within each block. Uncrowded visual acuity was tested

first within each block followed by crowded visual acuity and contrast sengitivity.

PRE-TEST

DURING

Contrast sensitivity | i POST 5 MINS

POST 30 MINS

VA - uncrowded

Follow-up on Day 28

PRE-TEST e Duration: 25 mins
Eo Current: 2.0 mA

VA - crowded

Figure 2. Testing and stimulation protocol. Each measurement was recorded before stimulation

(pre-test), during stimulation, 5 min after stimulation (Post 5 mins) and 30 min after stimulation
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(Post 30 mins) for 5 consecutive days (middle column). Baseline (pre-test) measurements were
recorded again for each eye 28 days (Day 28) after the last stimulation session. Stimulation was
delivered for 25 minsat 2.0mA (right column). Active and reference el ectrodes were placed at

Oz and Cz respectively. VA = visua acuity.

Data Analysis

Statistical analyses were performed using SPSS 19 (IBM Corp., Armonk, NY). Visual acuities
were recorded in logMAR units. Contrast sensitivity was recorded in log units. To test for tRNS
effects within the 5 stimulation sessions, a mixed-effects analysis of variance (ANOVA) with a
between-subjects factor of Group (active vs sham), a within-subjects factor of Day (day 1-5), and
awithin-subjects factor of Time (baseline, during, post 5 and post 30 mins) was conducted for
each measurement type for each eye separately. Planned pairwise comparisons (least significance
difference test) between baseline and all other timepoints were examined for each day. In
addition, to assess whether tRNS had cumulative or long-term effects on visual function, a mixed
ANOVA with factors of Group (active vs sham) and Baseline (baseline day 1, baseline day 2,
basdline day 3, basdline day 4, basdline day 5, basdline day 28) was conducted for each outcome
measure for each eye. Pairwise comparisons across baselines were conducted to explore

significant interaction effects. A significance threshold of p < 0.05 was adopted for all analyses.

Results

There were no adverse effects of tRNS. The mgority of the participants in both the active and
sham groups reported mild tingling sensations under the el ectrodes. Two participants in the sham
group withdrew from the study after day 1 due to the time commitment required by the study and

were excluded from the analysis (Figure 1). A technical error prevented an accurate amblyopic
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eye contrast sengitivity measurement on day 1 for one participant in the active group. This

participant was excluded from the amblyopic eye contrast sensitivity analysis only (Figure 1).

Contrast Sensitivity

For the amblyopic eyes (Figure 3 - upper pand), there was a significant interaction between
Group and Time, F,..= 4.6, p=.007, n,2 = .249. No other omnibus main effects or interactions
were significant. Planned pai rwise comparisons between baseline and all other timepoints were
examined for the active and sham groups for each day. During day 1, the active group exhibited
a significant improvement in contrast sensitivity from baseline for all post-test measurements
(during: p =0.02; post 5 min: p =.026; and post 30 min: p = 0.02). During day 2, the active
group exhibited a significant difference between baseline and the post 5 min measurement only
(p =.043). No significant differences between baseline and any post-test were found for days 3-
5. No sgnificant differences between baseline and any post-test were found within the sham

group for any day.

For the fellow eyes (Figure 3 - lower pandl), there was a significant interaction between Group
and Time, F,.s=3.271, p =.030, n,2 =.179. No other omnibus main effects or interactions were
significant. During day 1, the active group exhibited a significant improvement in contrast
sensitivity from baseline for the post 5 min (p = 0.016) and post 30 min (p = 0.017)
measurements. No significant differences between baseline and any post-test were found for
days 2-5. No significant differences between baseline and any post-test were found within the

sham group for any day.
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Figure 3: The effects of tRNS on contrast sensitivity during each daily session and at the day 28

follow-up visit. Data are shown separately for the amblyopic (top row) and fellow (bottom row)

eyes and for the active (left column) and control (right column) groups at baseline (B) and during

(D), 5 min (P5) and 30 min (P30) post tRNS. * Statistically significant difference from baseline

(p <0.05). Error bars show within-subject standard error of the mean (SEM). The dashed

horizontal lines represents the mean before-stimulation threshold on day 1. Larger y-axis values

indicate better contrast sensitivity.
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Uncrowded Visual Acuity

For the amblyopic eyes (Figure 4 - upper pand), there was a significant interaction between
Group and Time (F.s= 3.121; p=.035, n,2 =.172). No other omnibus main effects or
interactions were significant. During day 1, the active group exhibited a significant improvement
in uncrowded visual acuity from baseline for all post-test measurements (during: p=.013; post 5:
p=.016; post 30: p = .003). During days 2 and 3, the active group exhibited a significant
difference between baseline and only the post 5 min measurement (day 2: p =.009, day 3. p=
.031). No significant differences between baseline and any post-test were found during days 4
and 5. No significant difference between baseline and any post-test was found within the sham
group for any day. By chance, there was a substantial difference in baseline uncrowded Landolt-
C visual acuity between the active and sham group (compare the dashed lines in Figure 4, upper

panels).

For the fellow eyes (Figure 4 - lower panel), there was a significant interaction between Group
and Time, F3 45= 3.600; p =.020, n,> =.194. No other omnibus main effects or interactions

were significant. During day 1, the active group exhibited a significant improvement in contrast
sengitivity from baseline for the post 5 (p = 0.004) and post 30 (p = 0.007) min measurements.
No significant differences between baseline and any post-test were found for days 2-5. No

significant differences between baseline and any post-test were found within the sham group for

any day.


https://doi.org/10.1101/679662
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/679662; this version posted June 23, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

0.50— Amblyopic Eye [Active]

0.50—
Amblyopic Eye [Sham]

0.45— 0.45=
R e
> - - B
= 0.40 0.40
)
=
> 0.35- 0.35
3
< 0.30- . 0.30=
©
a 0.25= . 0.25=4
> ¢
- - _——— —_— A
8  0.20- 0.20-] ﬁ
°
3
o 0.15- 0.15=
= A
2

0.10-rrr—TTTTTTTT TTTT TTTT T 0.10=rrTrr——TTrTTrTTTITTTI T T T T

DORS DOPE BOPS DOPS MOLS o MOXE MOPE MOPE MOLS MOLY o
o o o a o o o o o a
Day 1 Day 2 Day 3 Day 4 Day 5 Day 28 Day 1 Day 2 Day 3 Day 4 Day 5 Day 28
0.00- ) 0.00-
Fellow Eye [Active] Fellow Eye [Sham]
-0.05— -0.05-1

el I LA e
A 2T |

-0.20=4 H\I/I { -0.20—
-0.25— -0.25

Uncrowded Visual Acuity [LogMar]

(@]
O

—0'30"l})"""""'u‘ﬁ""" O0.30=rrrrTrTTTTTITT T I T T
MOYE MOPE MOPg MmAOLg mOvg o MOPg MOLE MALg MOLg MmObg o
a o o a a a a o o a
Day 1 Day2 Day 3 Day4 Day5 Day 28 Day 1 Day 2 Day 3 Day 4 Day5 Day 28

Figure 4: The effects of tRNS on uncrowded visual acuity during each daily session and at the
day 28 follow-up visit. Data are shown asin Figure 3. Lower (smaller/more negative) y-axis

values indicate better uncrowded visual acuity.

Crowded Visual Acuity
For the amblyopic eyes (Figure 5, upper panel), there were no significant main effects or

interactions (all p > 0.05). No significant changes from baseline were observed for any day for
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any group. Asfor uncrowded visual acuity, there was a substantial difference in baseline

performance between the two groups that occurred by chance during randomization.

For the fellow eyes (Figure 5, lower pandl), there was a significant interaction between Group

and Time, F3 45 = 6.324; p = .001, n,* =.297. No other omnibus main effects or interactions

were significant. During day 1, the active group exhibited a significant improvement in crowded
acuity from baseline for the post 5 (p = 0.023) and post 30 (p = 0.019) min measurements.
During days 3 and 5, the active group exhibited a significant improvement in crowded acuity
from baseline to post 5 min (p = .009) and post 30 min (p = .022) respectively. No significant
differences between baseline and any post-test were found for days 2 and 4. No significant

differences between baseline and any post-test were found for the sham group.
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Figure 5: The effects of tRNS on crowded visual acuity during each daily session and at the day
28 follow-up visit. Data are shown asin Figure 3. Lower (smaller/more negative) y-axis values

indicate better crowded visual acuity.

Cumulative and long-term effects of tRNS

For the amblyopic eyes, there was a significant interaction between Group and Baseline for

uncrowded visual acuity (Fs g5=3.372; p=.009, ;> =.206). Pairwise comparisons for the

active group revealed a significant difference between the day 1 baseline and theday 3 (p =
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0.010), day 4 (p < 0.001), day 5 (p = 0.012), and day 28 (p = 0.001) baselines. However, no
pai rwise comparisons were significant for the sham group. There were no significant interactions
for amblyopic eye contrast sensitivity or crowded visual acuity measurements or any of the

fellow eye measurements.

Discussion

Our results partially supported our experimental hypothesis that five daily sessions of
visual cortex tRNS would improve amblyopic eye contrast sensitivity as well as crowded and
uncrowded visual acuity in adult patients. We observed tRNS-induced improvements in contrast
sensitivity and uncrowded visual acuity relative to the sham group for both amblyopic and fellow
eyes. Crowded visual acuity improved for the fellow but not the amblyopic eyes. Across all
outcome measures, pairwise comparisons revealed that acute tRNS effects were statistically
significant on days 1 and 2 but became non-significant for later sessions. Only amblyopic eye
uncrowded visual acuity exhibited alasting effect of tRNS at follow-up. Our discussion will
focus primarily on the results for contrast sensitivity because initial baseline performance was
matched between the groups. There were pronounced between-group baseline differences for
amblyopic eye uncrowded and crowded visual acuity that occurred by chance during the
randomi zation procedure (randomization occurred before baseline measures were conducted).
The difference in baseline performance for the acuity outcome measures make it difficult to

properly segregate tRNS effects from task learning effects.


https://doi.org/10.1101/679662
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/679662; this version posted June 23, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

tRNS-induced improvementsin contrast sensitivity

Our observation that visual cortex tRNS improved amblyopic eye contrast sensitivity is
consistent with a growing literature reporting improved contrast sensitivity, visual acuity,
stereopsis, and an enhanced cortical response to amblyopic eye inputs following non-invasive
visual cortex stimulation in adults with amblyopia [26,35-38,61,62]. Two potential mechanisms
have been proposed for tRNS effects: stochastic resonance and changes in the resting membrane
potential [48,63]. Stochastic resonance refers to an improvement in signal to noise ratio when a
certain amount of noise (in this case neural noise induced by tRNS) is added to non-linear
systems [47]. A number of psychophysical studies have provided compelling evidence that
stochastic resonance occurs during visual cortex tRNS [24,64-66]. It is possible that the during-
stimulation improvements we observed on day 1 for amblyopic eye contrast sensitivity were due
to stochastic resonance. However, tRNS aftereffects (i.e. effects that outlast the duration of
stimulation) cannot easily be explained by stochastic resonance. Rather, aftereffects may be
related to repeated opening and closing of sodium channels during stimulation that causes neural
membrane depotentiation and increased cortical excitability. In agreement with this theory,

blocking sodium channels appears to reduce the aftereffect of tRNS on motor cortex excitability

[67].

A previous study [36] reporting improved amblyopic eye contrast sengitivity following both
excitatory and inhibitory visual cortex rTMS proposed a mechanism linked to cortical
homeostasis. According to this hypothesis, excitatory stimulation has a more pronounced effect
on weakly activated/suppressed neural populations whereas inhibitory stimulation has a greater

effect on strongly activated populations. Therefore, both excitatory and inhibitory stimulation are
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capable of restoring a level of homeostasis to the amblyopic visual cortex by reducing the
difference in activation between amblyopic eye dominated neurons (weak
activation/suppression) and fellow eye dominated neurons (strong activation) [37]. This, inturn,
reduces suppression and/or the relative attenuation of amblyopic-eye-driven neural activity. It is
plausible that the excitatory tRNS we employed in this study acts through a homeostatic

mechanism.

We also observed improved fellow eye contrast sensitivity in the tRNS group relative to the
sham group. Non-invasive visual cortex stimulation studies have reported varying fellow eye
effects. Studies using inhibitory stimulation protocols (1 Hz rTM S and continuous theta burst
stimulation; cTBS) have reported reduced fellow eye contrast sensitivity [35, 36] whereas those
using excitatory protocols (anodal tDCS and tRNS) [24,38], including the present study,
observed improvements. This pattern of results is consstent with the homeostasis hypothesis
which predicts relatively impaired fellow eye function following inhibitory stimulation and does
not rule out improved fellow eye function following excitatory stimulation. This is because
excitatory effects may still occur within neuronal populations dominated by the fellow eye, just

to alesser extent than those dominated by the amblyopic eye.

Successive and cumulative tRNS effects on contrast sensitivity

A day by day analysis of the contrast sensitivity data revealed that tRNS effects were
pronounced for both eyes on day 1. However, the within-session tRNS effects waned across
sessions, becoming non-significant by day 3 for the amblyopic eye and by day 2 for the fellow

eye. This reduction in within-session tRNS effects was accompanied by stable session to session
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baseline performance indicating the absence of acumulative tRNS effect on contrast sensitivity.
The waning of within-session effects is consistent with Clavagnier et a’s (2013) study of
repeated cTBS sessions in amblyopia, however cTBS did induce cumulative effects that
improved basdline performance across sessions. One possible explanation for the waning of
within-session tRNS effects and the absence of a cumulative effect on contrast sensitivity relates
to stimulation intensity. The relationship between tRNS intensity and visua function
improvement during stimulation isan “inverted U”, whereby stimulation that is weaker or
stronger than an optimum level has limited effects [48,49]. Lasting changes in cortical
excitability induced by prior sessions of tRNS might shift the optimal stimulation intensity
towards lower levels, causing awaning of tRNS effects across sessionsif stimulation intensity
remains constant. If thisisthe case, tapering stimulation intensity across sessions would be a

possible solution.

tRNS effects of crowded and uncrowded visual acuity

It is not possible to draw strong conclusions relating to the amblyopic eye datasets for crowded
and uncrowded visual acuity because there were large between-group differences in baseline
performance that occurred by chance. However, baseline group differences were minimal for the
fellow eye datasets and the results followed those for contrast sensitivity very closely; significant
differences between groups that were characterized by within-session improvements early in the
experiment and a gradual waning of tRNS effects. This suggests that transient tRNS effects

occur for arange of visual functions.
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Conclusions

tRNS can induce short-term contrast sensitivity improvements in adult amblyopic eyes, however
multiple sessions of tRNS do not Iead to enhanced or long-lasting effects. In agreement with
previous non-invasive brain stimulation studies, these results demonstrate considerable short-
term plasticity within the visual cortex of human adults with amblyopia. The combination of
tRNS and perceptual learning has recently been reported to enhance the transfer of learning to
non-trained visual tasks when compared to perceptual learning alone in adults with amblyopia
[24]. Similarly, it has been demongtrated that anodal tDCS enhances the effects of binocular
treatment on stereopsis in adults with amblyopia[26]. Multi-modal approaches to adult
amblyopia treatment that combine non-invasive brain stimulation with other interventions

represent a promising area for continued research.
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