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Purrose. This study aimed to evaluate the effects of monocular flicker stimulation on
binocular imbalance in both amblyopic and nonamblyopic adults.

MertHODS. Seven amblyopic patients (28.3 £ 3.3 years; four females) and seven normally
sighted participants (27.3 + 4.1 years; five females) participated in the study. We used
liquid crystal spectacles to create externally-generated monocular flicker (4, 7, 10, 15, or
20 Hz) and used the metric of log balance point (1ogBP) to determine whether imposed
flicker could change the eyes’ equilibrium interocular contrast ratio. Flicker was applied
to either the fellow eye vs. the amblyopic eye or dominant eye (DE) vs. non-DE (non-
DE) of amblyopic and nonamblyopic participants, respectively. We defined a logBP of
0 to indicate complete binocular balance and an increase in logBP relative to baseline to
indicate a relative strengthening of the non-DE or amblyopic eye.

Resurrs. Monocular flicker applied to the DE or fellow eye increased logBP, whereas
when applied to the non-DE or amblyopic eye, reduced the logBP. These effects were
more pronounced at low temporal frequencies than that at high temporal frequencies.
The interaction between eye and temporal frequency was significant in both normals,
F(4, 24) = 58.082, P < 0.001, n?> = 0.906, and amblyopes, F(1.923, 11.538) = 60.555,
P < 0.001, 52 = 0.91.

Concrusions. Monocular flicker diminishes the contribution of the flickered eye in binoc-
ular combination, resulting in a relative dominance of the nonflickered eye in interocular
interactions. Furthermore, a more pronounced temporally modulated effect was observed
at lower temporal frequencies.
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mblyopia,

characterized by a wunilateral or,

less in amblyopia potentially enables better visual acuity under

commonly, bilateral decrease in best-corrected visual
acuity (BCVA), is a prevalent visual disorder affecting both
children and adults,' with a prevalence as high as 3%.? If left
untreated, it can lead to a range of visual impairments and
impact psychological development, substantially impact-
ing an individual’s quality of life.>~® Amblyopes commonly
present with binocular visual deficits, including reduced
stereopsis’ and binocular imbalance (i.e., the fellow eye [FE]
plays a more dominant role in binocular perception than
the amblyopic eye [AE])®!? caused by interocular suppres-
sion.>"1® Even in treated amblyopes with fully recovered
BCVA, a certain amount of binocular imbalance remains,
especially at mid-to-high spatial frequencies.'®
Recent investigations have shown that this remaining
untreated binocular imbalance can potentially be modulated
by flicker.**~* This can be used for therapeutic benefit.
First, for instance, Schor et al.?* demonstrated that alter-
nately presenting targets to the two eyes at 2 and 7 Hz
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binocular viewing compared with other temporal frequen-
cies. Next, our preliminary research?® indicated that binoc-
ular alternating flicker at 7 Hz (where flicker stimuli are
presented alternately in front of each eye with a 1:1 ratio
of light to dark through liquid crystal spectacles) enables
better binocular balance in amblyopia. Modulation of binoc-
ular imbalance via flicker can also reveal further insights
regarding the neural underpinnings of amblyopia: several
studies using synchronous binocular flicker (where stim-
uli are flickered simultaneously in front of both eyes) have
observed a slightly larger interocular imbalance at low
temporal frequencies in amblyopia.?

Both treatment- and etiology-oriented investigations have
primarily focused on the effects of binocular flickering. This
leaves the relationship between monocular flickering and
binocular imbalance relatively unexplored. We posit that
the impact of monocular vs. binocular flicker on interoc-
ular balance may differ because, in binocular flicker, the
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flickering stimulus appears either synchronously or alter-
nately in front of both eyes; thus, each eye receives equal
visual input. In contrast, with monocular flicker, the flick-
ered eye receives approximately one-half of the visual input
because it is only viewing for one-half of the time. There-
fore, it potentially decreases the flickered eye’s weight in
binocular integration, thereby affecting interocular inter-
action. This effect could be comparable with studies that
decrease the stimuli contrast,?’=3? or brightness,**=37 of the
FE, which weakens its contribution in binocular combi-
nation and improves binocular balance. However, monoc-
ular flicker might affect interocular interaction differently
than decreasing stimuli contrast or brightness, not only
owing to its temporal rather than spatial nature, but also
because flicker itself could play a critical role in binoc-
ular viewing.?® In fact, a recent study by Abuleil et al.3®
further supports this possibility, indicating that, in binoc-
ular rivalry tasks, the use of a 9-Hz monocular flicker
reduces the relative dominance of the flickered eye, favor-
ing the nonstimulated eye. On the basis of this evidence,
we hypothesized that monocular flicker may disrupt the
continuous visual stimulation of the flickered eye. The asym-
metric binocular visual input that is created may cause
the dominant eye (DE) to lose its weight in the integra-
tion of visual information, weakening its inhibition of the
contralateral (non-DE/AE) eye and thus improving binocu-
lar balance.

To verify this finding, we conducted a series of monocu-
lar flicker interventions. Specifically, we administered exter-
nally generated monocular flicker stimuli using liquid crys-
tal spectacles at five temporal frequencies to both the DE/FE
and the non-DE/amblyopic eye (AE) of both nonamblyopic
and amblyopic participants. We used a binocular orientation
combination task,**%° which assesses interocular balance by
quantifying each eye’s contribution to binocular combina-
tion, i.e., the binocular balance point (BP), during measure-
ment. If our hypothesis is correct, then applying flicker to
either eye of a nonamblyopic participant (whether it be the
dominant or non-DE) would disrupt their nearly balanced
binocular state, leading to an imbalance. Similarly, when
flicker is applied to the DE of amblyopes, the existing binoc-
ular imbalance could be improved, potentially resulting in a
shift of ocular dominance to the contralateral (amblyopic)
eye.

METHODS
Participants

The study included fourteen participants, comprising seven
normally sighted participants (28.3 =+ 3.3 years; four
females) and seven amblyopic participants (27.3 £ 4.1 years;
five females). All subjects were naive to the study’s purpose.
The inclusion criteria were as follows: (1) BCVA of <0.0
logMAR in both eyes in the nonamblyopic group; BCVA
of >0.1 logMAR in the AE and an interocular BCVA differ-
ence of >0.2 logMAR in the amblyopic group; and (2) no
other ocular diseases, epilepsy, or other psychiatric diseases.
Detailed clinical information about amblyopic patients can
be found in Supplementary Tables S1. Before the study,
written informed consent was obtained from all partici-
pants. The study protocol was reviewed and approved by
the institutional review boards of the Affiliated Eye hospital
of Wenzhou Medical University, and it adhered to the prin-
ciples outlined in the Declaration of Helsinki.
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Apparatus

The experiment was conducted using a MacBook Pro
(13-inch, 2017; Apple, Inc., Cupertino, CA, USA) running
MATLAB R2016b (The MathWorks, Inc., Natick, MA, USA)
and PsychToolBox 3.0.14.414? Visual stimuli were presented
dichoptically using gamma-corrected head-mount goggles
(GOOVIS Pro, AMOLED display; NED Optics, Shenzhen,
China). The goggles had a refresh rate of 60 Hz, a resolution
of 1600 x 900 pixels, a pixel density of 34.6 pixels per degree
of visual angle, and a maximum luminance of 150 cd/m?.
The Eyetronix Flicker Glasses (EFG; Eyetronix Inc., Santa
Clara, CA, USA), a spectacle frame with liquid crystal lenses,
were used to generate monocular flicker stimulus. In particu-
lar, these glasses produce a light-dark flicker stimulus with
a 1:1 duration ratio for one eye. We referenced pertinent
literature®**3-%> and considered the frequency limitations of
flicker glasses (limitation not exceeding 20 Hz), selecting
five temporal frequencies (4, 7, 10, 15, and 20 Hz) for our
study. Participants were required to wear the EFG during the
experiment.

Experimental Design

For each participant, the effects of monocular flicker on their
left and right eyes were assessed in two separate sessions
conducted on two consecutive days. During each visit, the
BP was measured with and without (i.e., baseline) monocu-
lar flicker. The EFG was used to administer monocular flick-
ering to participants’ DE/FE and non-DE/AE. The flicker had
temporal frequencies of 4, 7, 10, 15, and 20 Hz (Fig. 1A). A
participant was allowed to take a 5-minute break after each
frequency test.

The BP was defined as the interocular contrast ratio
at which the two eyes had an equal contribution in a
binocular orientation combination task (Fig. 1B). Before the
experiment, the DE of nonamblyopic participants was deter-
mined using a hole-in-the-hand test.*® Appropriate demon-
strations and practice trials were provided to ensure partici-
pants’ understanding of the tasks. Based on the results from
the practice trials, seven interocular contrast ratios (FE/AE;
DE/non-DE) ranging from 0 to 2 were selected for each
subject to test their BPs using the method of constant stim-
uli. Each orientation combination configuration and contrast
ratio were tested 10 times, resulting in a total of 140 trials
(2 orientation configurations x 7 contrast ratios x 10 repe-
titions) in each block for a temporal frequency. The order
of the configuration and contrast ratios were randomized
across trials.

Stimuli

Each experimental trial used two horizontally titled sinu-
soidal gratings as stimuli. The size of the grating was two
cycles with a spatial frequency of 0.42 c¢/d. The grating
presented to each eye had two configurations. In the first
configuration, the grating presented to the DE (or FE) was
oriented clockwise (—7.1°) from the horizontal, while the
grating presented to the non-DE (or AE) was counterclock-
wise (47.1°) from the horizontal. The second configura-
tion featured reversed orientations compared with the first
configuration. The base contrast of the gratings shown to the
non-DE (or AE) remained constant at 50%. The contrast of
the grating shown to the DE (or FE) varied from 0% to 100%,
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FiGure 1.

Experimental setup and psychometric function. (A) In the binocular orientation combination task, two sinusoidal gratings oriented

at +7.1° were dichoptically presented to each eye. Participants wore monocular flicker glasses across five temporal frequencies (i.e., 4, 7,
10, 15, and 20 Hz) and were instructed to respond to the orientation of the fused grating by pressing either the left or right key on the
keyboard. (B) The psychometric function was established by plotting the percentage of trials where participants indicated the dominance
of DE (or FE) as a function of the interocular contrast ratio (DE/non-DE or FE/AE). A cumulative Gaussian distribution function was used
to fit this curve. The BP, corresponding with the 50% point on the optimally fitted Gaussian function, was derived from this fit, indicating

the equilibrium of the two eyes in binocular combination.

corresponding to an interocular contrast ratio (DE/non-DE
or FE/AE) ranging from 0 to 2 (Fig. 1A).

Procedures

A typical trial in the binocular orientation combination task
comprised an alignment and a test phase. During the align-
ment phase, participants were instructed to align the dichop-
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tic targets, which included crosses and dots, to ensure the
correct fusion of the images. Subsequent to the alignment
phase, a blank screen was presented for 500 ms, during
which a square frame was displayed in each eye to facil-
itate fusion. The test phase commenced thereafter. In this
phase, two horizontally oriented gratings were dichoptically
presented to the two eyes for 1 second. After the disap-
pearance of the stimuli, participants were required to judge
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whether the perceived combined gratings were oriented in
a clockwise or counterclockwise direction and provide their
responses via keyboard.

Quantification

Upon completion of a block, we used a cumulative Gaussian
distribution to fit the psychometric function (Fig. 1B). We
computed the probability of the fused percept’s orientation
tilted toward the dominant (or fellow) eye’s grating and plot-
ted this against the interocular contrast ratios (DE/non-DE or
FE/AE). The BP was determined as the interocular contrast
ratio where the fused percept’s orientation tilted toward the
dominant (or fellow) eye’s grating 50% of the time. To quan-
tify binocular imbalance, we converted the BP values into
logarithmic values (log BP [logBP]): When the logBP is 0,
it indicates a state of binocular balance. Furthermore, to
better illustrate the impact of monocular flicker stimuli on
eye dominance, we calculated the logBP difference relative
to baseline (LDRB) at different temporal frequencies:

LDRB 1y = 1 0gBP 1 — [ 08BP puseline €Y)
When the LDRB is >0, it indicates a strengthening of the
non-DE or AE.

Statistical Analysis

The statistical analysis involved the following steps: Firstly,
a two-way repeated-measures ANOVA was conducted with
within-subject factors of eye (e.g., flicker on non-DE/AE and
flicker on DE/FE) and temporal frequency (e.g., 4, 7, 10, 15,
and 20 Hz), post hoc pairwise paired ¢ tests with Bonferroni
correction were performed to compare the LDRB values at
different temporal frequencies and between eyes in each
group. Subsequently, a mixed repeated-measures ANOVA
was conducted with a between-subjects factor of group (e.g.,
nonamblyopic and amblyopic group) and within-subjects
factors of eye and temporal frequency. Pairwise post hoc
comparisons were used to examine whether the LDRB
or slopes (from linear regression of LDRB vs. temporal
frequency curve) values were similar between nonamblyopic
participants and amblyopes.
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Statistical analyses and data visualization were conducted
using R and SPSS 20.0 (IBM Corporation, Armonk, NY, USA).
All tests were performed using a two-tailed significance level
(o) of 0.05.

REsuLTs
logBP vs. Flicker Temporal Frequency

Application of monocular flicker shifted binocular balance
away from the flickered eye in both nonamblyopic (Fig. 2)
and amblyopic (Fig. 3) participants. In nonamblyopic partic-
ipants, the average baseline logBP was —0.01 £ 0.01, which
is close to the ideal binocular balance level (i.e., logBP of 0).
Monocular flicker applied to the DE dramatically increased
the logBP, whereas when applied to the non-DE, it decreased
the logBP. The effect of monocular flicker on logBP was
more evident at low temporal frequencies than that at high
temporal frequencies in both cases. For example, when
flicker was applied to the DE, the average logBP increased to
0.26 &+ 0.02, 0.25 £ 0.01, 0.20 &+ 0.02, 0.17 £ 0.02, and 0.12
+ 0.01 at 4 Hz, 7 Hz, 10 Hz, 15 Hz, and 20 Hz, respectively
(Fig. 2B). Then, when flicker stimulation was applied to the
non-DE, this reduced the logBP to —0.44 + 0.03, —0.43 £+
0.02, —0.36 =+ 0.02, —0.26 + 0.02, and —0.22 + 0.02 at 4 Hz,
7 Hz, 10 Hz, 15 Hz, and 20 Hz, respectively.

A similar pattern was found in amblyopes, in which
flicker applied to the FE increased the logBP, while flicker
applied to the AE reduced the logBP (Fig. 3A). Again, the
effect was more pronounced at low temporal frequencies
than at high temporal frequencies. Stimulation of the FE
increased the average logBP from —0.37 £ 0.02 at baseline
to 0.14 &+ 0.05, 0.14 £ 0.05, —0.01 £ 0.04, —0.09 £ 0.03,
and —0.09 + 0.05 at 4 Hz, 7 Hz, 10 Hz, 15 Hz, and 20 Hz
flicker, respectively. On the contrary, stimulation of the AE
reduced the logBP to —0.77 + 0.05, —0.78 £ 0.06, —0.66 +
0.06, —0.57 % 0.04, and —0.53 + 0.03 at 4 Hz, 7 Hz, 10 Hz,
15 Hz, and 20 Hz flicker, respectively (Fig. 3B).

LDRB vs. Flicker Temporal Frequency

Considering the interobserver variability in baseline logBP
values, we calculated the LDRB at different temporal
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Ficure 2. logBP as a function of flicker temporal frequencies for each nonamblyopic participant and their average. (A) The logBP of

each nonamblyopic participant across five temporal frequencies (i.e., 4, 7, 10, 15, and 20 Hz). (B) The average logBP of nonamblyopic
participants (z = 7). Error bars in the average plots represent standard errors across the seven participants. The blue squares and purple
squares represent the logBP measured with flicker applied to the non-DE and DE, respectively. The yellow square represents the baseline
level of binocular balance measured with no flicker applied. Date points in the grey area (i.e., logBP < 0) indicate that the DE is stronger

in binocular combination.
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participant across five temporal frequencies (i.e., 4, 7, 10, 15, and 20 Hz). (B) The average logBP of amblyopic participants (n = 7). Error
bars in the average plots represent standard errors across the seven participants. The blue circles and purple circles represent the logBP
measured with flicker applied to the AE and FE. The yellow circle represents the baseline level of binocular imbalance measured without
the adding of flicker. Data points in the grey area (i.e., logBP < 0) indicate that the FE is stronger in binocular combination.

frequencies to better illustrate the effects of monocular
flicker. Figure 4A shows the LDRB of each nonamblyopic
participant and their average LDRB as a function of the
temporal frequency of monocular flicker. It’s evident that
monocular flicker produced opposite effects when applied
to the two eyes. This observation is supported by the results
of a two-way repeated measures ANOVA, which revealed
significant effects of eye, F(1,6) = 470.917, P < 0.001, n* =
0.987, and temporal frequency, F(4,24) = 3.866, P = 0.015,
n* = 0.392, on the LDRB. Moreover, there was a significant
interaction between eye and temporal frequency, F(4, 24)
= 58.082, P < 0.001, n* = 0.906. The latter results suggest
that the temporal frequency tuning curves were significantly
different when monocular flicker was applied to different
eyes.

To further assess the difference, pairwise post hoc
comparison between specific temporal frequencies were
conducted, revealing significant differences including: 20 Hz
vs. 4 Hz (flicker on non-DE: P = 0.005; flicker on DE:
P = 0.003), 20 Hz vs. 7 Hz (flicker on non-DE: P = 0.003;
flicker on DE: P = 0.001), 15 Hz vs. 4 Hz (flicker on non-
DE: P = 0.003; flicker on DE: P = 0.03), 15 HZ vs. 7 Hz
(flicker on non-DE: P = 0.004; flicker on DE: P = 0.015),
10 Hz vs. 15 Hz (flicker on non-DE: P = 0.028), 20 Hz
vs. 10 Hz (flicker on DE: P = 0.008), and 20 Hz vs.
15 Hz (flicker on DE: P = 0.016). These results suggest
a more prominent flicker effect at low temporal frequen-
cies than that at high temporal frequencies in nonamblyopic
participants.

The patterns of temporal frequency tuning curves in
amblyopic participants, as illustrated in Figure 4B, closely
resemble those observed in nonamblyopic participants
(Fig. 4A). A two-way repeated measures ANOVA revealed
significant effect of eye, F(1,6) = 320.036, P < 0.001, »?
= 0.982, but not of temporal frequency, F(4,24) = 0.46,
P = 0.765, n* = 0.071. The interaction between eye and
temporal frequency was significant, F(1.923, 11.538) =
60.555, P < 0.001, n* = 0.91, highlighting that the distinct
temporal frequency tuning curves when monocular flicker
was applied to different eyes in amblyopes.

The observed tuning curves suggest that the effects of
monocular flicker on binocular vision are not uniform across
all temporal frequencies, emphasizing the importance of
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considering both the eye of stimulation and the tempo-
ral frequency in interventions targeting binocular vision in
amblyopia. Further pairwise post hoc comparisons indicated
significant differences between specific temporal frequen-
cies in the following conditions: 20 Hz vs. 4 Hz (flicker
on AE: P = 0.002; flicker on FE: P = 0.007), 20 Hz vs.
7 Hz (flicker on AE: P = 0.002; flicker on FE: P = 0.008),
15 Hz vs. 4 Hz (flicker on AE: P = 0.005; flicker on FE:
P = 0.008), 15 Hz vs. 7 Hz (flicker on AE: P = 0.03; flicker
on FE: P = 0.006), 10 Hz vs. 4 Hz (flicker on FE: P = 0.011),
10 Hz vs. 7 Hz (flicker on FE: P = 0.04). These results
also suggest a more prominent flicker effect at low tempo-
ral frequencies than that at high temporal frequencies in
amblyopes.

To compare the LDRB between nonamblyopic controls
and amblyopes, a mixed repeated-measure ANOVA was
conducted. The analysis revealed significant effect of eye,
F(1,12) = 720.727, P < 0.001, > = 0.984; group, F(1,12) =
9.408, P = 0.01, n* = 0.439; and an interaction between eye
and group, F(1,12) = 9.641, P = 0.009, n*> = 0.446. Pairwise
post hoc comparisons were conducted to further explore the
differences. The results showed that the LDRB was similar
when flicker was applied to the AE in amblyopes compared
with when flicker was applied to the non-DE in nonambly-
opic individuals (P = 0.468). However, when flicker was
applied to the FE in amblyopes, the LDRB was higher than
that observed when flicker was applied to the DE in controls
(P < 0.00D).

To evaluate the variability in the trend of binocular imbal-
ance with respect to temporal frequency, the LDRB vs.
temporal frequency curves were fitted with linear regression
and the resultant slopes were compared between nonambly-
opic and amblyopic participants. A mixed repeated-measure
ANOVA was performed, with a within-subjects factor for
eyes and a between-subjects factor for groups. The anal-
ysis revealed a significant effect of the eye, F(1,12) =
236.487, P < 0.001, n* = 0.952, an interaction between
eye and group, F(1,12) = 5.987, P = 0.031, n* = 0.333,
but not of group, F(1,12) = 2.544, P = 0.137, n* =
0.175. A pairwise post hoc comparison showed that there
were differences in the slope between the DE and FE
(P = 0.015) and no differences between the non-DE and AE
(P = 0.510).



Investigative Ophthalmology & Visual Science

Effect of Monocular Flicker on Binocular Imbalance

A 0.6

IOVS | March 2024 | Vol.65 | No.3 | Article33 | 6

SN [ N2 T N TR N4
Oj i.‘\.\. .'-\.\. .'.'.—.—. M = Flicker on DE (Slope1)
0.3 Wem = = B / / = Flicker on nonDE (Slope2)
@ 06
S o Ng| (5 Ne| S N7| T Avel ] nonDE getting stronger

[rean
-

Baseline

W

e

nonDE getting weaker

o8 m_.él A2 A3
04+ siopet = 001 T o0 &5 .g:;'o?.\. e ® = Flicker on FE (Slope1)
0 o009 | o ] / y = Flicker on AE (Slope2)

-04 '/ ]

m

% -0.8

-1 o8 A5 A7 Ave TAE getting stronger
0.4 m‘ 1 Siope ~0.02 :;:T!OE.\.

R?=0.81

0

04 e

-0.8 -

R?=0.82

/

Baseline

4710 15 20 4 710 15 20 4 710 15 20 4 710 15 20

AE getting weaker

Ficure 4. The individual and average LDRB in nonamblyopic participants and amblyopes. (A) The individual and average LDRB of nonam-
blyopic participant (n = 7) across five temporal frequencies (i.e., 4, 7, 10, 15, and 20 Hz). The blue squares and purple squares represent
the LDRB when flicker is applied to the non-DE and DE, respectively. (B) The individual and average LDRB of amblyopes (7 = 7) across
five temporal frequencies. The blue and purple circles represent the LDRB when flicker is applied to the AE and FE, respectively. Error bars
in the average plots represent standard errors across the seven participants. Data points in the grey area (i.e., LDRB < 0) indicate that the

non-DE/AE is getting weaker in binocular combination.

DISCUSSION

This study aimed to investigate the effects of externally
generated monocular flicker stimuli on binocular interac-
tions. This was done by quantifying the impact of flicker
stimuli at various temporal frequencies (e.g., 4, 7, 10, 15, and
20 Hz) on binocular imbalance in both nonamblyopic and
amblyopic participants. Our findings reveal the following
key insights. (1) Monocular flicker significantly decreases the
contribution of the flickered eye to binocular combination,
resulting in a relative dominance of the nonflickered eye in
interocular interactions. (2) The temporally modulated effect
is more pronounced at lower temporal frequencies than at
higher ones.

In this study, the externally generated monocular flicker
operated with a 1:1 light-to-dark ratio, resulting in the
flickered eye receiving only one-half of the visual input
compared with the nonflickered eye. Under fixed condi-
tions of spatial frequency (0.42 c¢/d) and visual grating
presentation duration (1 second), this halved presentation
time consequently decreases the weight of the flickered
eye in binocular integration, thus diminishing its poten-
tial suppressive effect on the contralateral eye. This obser-
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vation aligns with the contrast-gain model proposed by
Ding et al.®> However, a pertinent question arises: Why is
this suppression effect most pronounced at low temporal
frequencies?

Previous research on flicker stimuli®® indicated that flick-
ering could alter luminance transmission, leading to a
decrease in the average luminance in front of the flick-
ered eye. Although luminance reduction in one eye could
lessen its contribution in binocular integration,*=3" could
the flickering-induced luminance transmission alternation
explain the temporal frequency dependency pattern found
in the current study? To verify this hypothesis, we measured
the luminance transmission across five various temporal
frequencies of flicker stimuli (refer to Supplementary Table
S2, Supplementary Fig. S1, and Supplementary Fig. S2 for
details). The results showed that luminance transmission
decreases as temporal frequency increases, with average
luminance at higher frequencies (e.g., 20 Hz) being lower
than that at lower frequencies (e.g., 4 Hz). However, this
trend does not align with the temporally modulated effects
we observed, suggesting that the luminance differences
between eyes caused by flickering do not fully explain this
phenomenon.
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Another plausible explanation is that the external flicker
stimuli may act as a patching or blurring effect, subse-
quently weakening the flickered eye in binocular combi-
nation. Unlike previous studies?>® that generate flicker
through software programming, displaying targets (such as
numbers, letters, or gratings) at various durations to create
target flickered at different temporal frequencies, in our
study, monocular flicker is produced with liquid crystal
lenses. These lenses generate specific temporal frequency
flicker stimuli in front of the eye with a 1:1 light:dark ratio
through electronic control. This externally generated flicker
stimulus may act as temporal noise, disrupting the target
(grating) and reducing the signal-to-noise ratio of visual
input, thereby diminishing the weighted contribution of the
flickered eye in binocular integration.?” To preliminarily vali-
date this conjecture, we had seven participants with normal
vision to measure their monocular contrast threshold under
single-eye flicker conditions at various temporal frequencies.
Four of these participants were from the normal group (N1,
N4, N6, and N7), and the remaining three were recruited
additionally. The results showed that the monocular contrast
threshold gradually decreases as the temporal frequency
increases (see Supplementary Fig. S3 for details). Notably,
this temporal frequency dependency pattern aligns with the
binocular measures conducted in the current study.

Our study proposes an effective method for regulat-
ing binocular balance. Existing research has shown that
amblyopic patients demonstrate improved performance in
stereoscopic assessments when both eyes achieve greater
balance.®®*=>° Various training methods, such as binocular
contrast modulation,?”>5! push—pull training,*>~> or synchro-
nization of binocular latencies,” have demonstrated the
potential for yielding long-term gains in visual acuity and
stereopsis among amblyopic patients. These observations
align with the perspective of binocular combination model-
ing, suggesting correlations between different types of
binocular combination processing,'° which may share a
common early contrast gain control mechanism.'* Therefore,
based on the binocular balance optimization protocol we
proposed in this study, it is worthwhile to further explore
its short- and long-term effects on other binocular functions
in amblyopic patients in the future.

However, we must acknowledge certain limitations in our
study. First, the sample size was relatively small, consisting
of only seven adult amblyopes, all of whom had late-onset
amblyopia that been diagnosed in the teen years. Second,
all the patients included in this study were anisometropic
amblyopes. Therefore, further research with larger sample
sizes and diverse clinical profiles could provide additional
insights into the generalizability of these findings and their
potential applications in the clinical management of ambly-
opia. It is also interesting to explore whether our strategy in
modulating binocular imbalance extends to other binocular
disorders, such as strabismus.>®

CONCLUSIONS

Our study delves into the impact of externally generated
monocular flicker on binocular balance, encompassing both
nonamblyopic and amblyopic participants. The findings illu-
minate the fact that externally generated monocular flicker
diminishes the contribution of the flickered eye in binoc-
ular combination, resulting in a relative dominance of the
non-flickered eye in interocular interactions. Furthermore,
a more pronounced temporal effect was observed at lower
temporal frequencies. These results contribute significantly
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to our understanding of the role played by various flicker
stimuli in binocular information processing and hold the
potential to usher in the development of new patient-
friendly treatment approaches.
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