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Purrosk. To investigate how temporal frequency modulates binocular balance in normally
sighted and amblyopic adults.

MerHoDSs. Twenty-three controls and 13 amblyopes participated in this study. The effects
of temporal frequency differences and monocularly directed attention on binocular
balance were measured using an onset binocular rivalry task with sinusoidally flickering
gratings at varying temporal frequencies and static gratings with monocular attentional
cues. For the flickering gratings, different combinations of temporal frequencies (2, 4, or
10 Hz in one eye vs. 2, 3, 4, 6, 10, 15, or 20 Hz in the other) were presented. Their effects
were then compared, and their relationship was analyzed.

Resurrs. There was no relationship between the shifts in balance from temporal frequency
and monocularly directed attention in both controls and amblyopes. Intermediate
temporal frequencies (8.9 £ 1.4 Hz) in one eye maximized its perceptual dominance,
with a larger shift due to temporal frequency in amblyopes than in controls. While
normally sighted observers experienced similar degrees of shift in balance from temporal
frequency and attentional (active and passive) modulations, amblyopic observers expe-
rienced a larger shift from temporal frequency than from monocularly focused passive
(but not active) attention.

Concrusions. Intermediate temporal frequencies in one eye, rather than a specific
temporal frequency difference between both eyes, maximized its perceptual dominance
in both normally sighted and amblyopic observers. This balance shift from temporal
frequency modulation was larger in amblyopes than in controls. Finally, the effect of
temporal frequency on balance was larger than that of monocularly directed passive
attention in amblyopes.
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D uring early visual development, the brain learns to
combine signals from both eyes properly.:> However,
this developmental process can be disturbed if inputs from
both eyes have spatial conflict, leading to severe abnor-
malities in visual perception and the organization of the
primary visual cortex (V1), where inputs of two eyes get
combined.3=¢ This mismatch can result from several factors,
such as anisometropia, strabismus, and congenital cataract,
creating a conflict between two eyes’ inputs.”® To resolve
this conflict, the V1 area begins to ignore the input from
the weaker eye and relies more heavily on the signal from
the fellow eye,’® forming a binocular representation of
the world primarily through one eye.!*!! This interocular
imbalance from abnormal suppression can become perma-
nent if there is no timely intervention, causing the affected
individual to have impaired vision that cannot be optically
corrected. This visual condition is known as amblyopia, a
neurodevelopmental disorder that is characterized by signif-
icantly reduced visual acuity in the amblyopic eye, as well
as impaired depth perception and binocular balance.”-!%13
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Binocular balance can be quantitatively measured by elic-
iting binocular rivalry, a phenomenon that occurs when each
eye is presented with a different image.'*'> During binoc-
ular rivalry, the image from each eye alternately reaches
conscious awareness.'*1%17 Although these perceptual alter-
ations are stochastic, the dynamics of binocular rivalry can
reveal the state of interocular balance.'>!%¥ For example,
if the right eye is more dominant, the image of the eye
will reach conscious perception more frequently, while the
input of the other eye will remain suppressed more persis-
tently.!>-!8:1% Binocular rivalry can be triggered between both
eyes when they are separately shown with images that have
sufficiently different colors,?’?! shapes,???? orientations,*!
spatial frequencies,?* and temporal frequencies.?> Binocular
balance, as measured with binocular rivalry and other meth-
ods, can be shifted in favor of one eye by introducing higher
contrast or luminance in the eye.?*?” In dichoptic therapies,
images shown to both the fellow and amblyopic eyes are
spatially adjusted, such as their contrasts, so that observers
can properly combine images from both eyes with equal
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weighting. This treatment method has been used to improve
binocular vision of individuals with amblyopia.?:%°

However, previous studies have only investigated how
spatial differences between images presented to each eye,
but not temporal differences, could modulate binocular
balance, as demonstrated using various psychophysical
tasks.?®2°-3! Interestingly, the human visual system favors
high temporal frequencies over low temporal frequen-
cies,?>3273% possibly through both a low and a high level
of visual mechanisms. For example, there are at least
two temporal channels: one tuned to low frequencies and
the other to high frequencies, intersecting at around 6
to 8 Hz323-38 There is asymmetric inhibition between
temporal channels, such that the high-frequency chan-
nel suppresses the response of the low-frequency chan-
nel but not vice versa.’?33:3¢ Additionally, when a stimu-
lus appears (onset), neurons in the visual pathway often
show an increased firing rate? %' If a stimulus flickers
more frequently over time, there will be more rapid and
frequent stimulus onsets within a given time period, thereby
increasing the neural and perceptual response to the stimu-
lus. Apart from low-level mechanisms, attentional selection
may also potentially contribute to this preference for high
frequency in temporal processing. Visual flicker can be cate-
gorized as a series of abrupt onsets, which can capture visual
attention.>~# According to psychophysical studies, faster
flicker can capture attention more effectively®>4>4¢ possibly
because it involves more frequent abrupt onsets.

Drawing from the idea that attentional selection may be
involved in the asymmetric flicker influence, it follows that
temporal frequency differences can potentially affect binoc-
ular balance through the attentional mechanism. Two types
of attention can elevate the signal strength of the visual
image. First, passive attention (i.e., bottom-up, involuntary)
can be achieved by increasing the saliency of a visual target.
For instance, binocular balance can be shifted in favor of the
eye shown a +45° grating with monocularly directed cues
rather than the eye shown only a —45° grating because the
cues elevate the saliency of the +45° grating through passive
attention.*”*® Second, active attention (i.e., top-down, volun-
tary) requires deliberate, goal-oriented effort on a specific
task and has been reported to significantly affect binocu-
lar balance more than passive attention during binocular
rivalry.®®% To illustrate, when an observer views a +45°
grating in one eye and a —45° grating in the other and is
asked to perform a secondary visual task shown only to the
eye seeing the +45° grating, this directs the observer’s active
attention to the +45° grating, thereby significantly shifting
binocular balance. Flicker can elevate the saliency of a visual
target as a function of its flickering rate because a faster
flicker can better capture attention.’>%2-4® Thus, if one eye
is shown with a +45° grating flickering quickly while the
other eye is presented with a —45° grating flickering more
slowly, it is possible that the eye with a faster flickering grat-
ing could become more perceptually dominant by recruiting
attentional selection.

In the current study, we investigate whether temporal
frequency differences between the two eyes could similarly
alter binocular balance using an onset binocular rivalry task
in normally sighted and amblyopic adults. In experiment
1, we first explore whether the eye with faster or slower
flicker is perceptually more dominant. We hypothesize that
the faster flickered eye would become more dominant. This
prediction is based on previous studies showing that faster
signals can asymmetrically suppress slower signals3?:33:30
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and that higher flicker rates can capture attention more effec-
tively,>42-%® which in itself can shift binocular balance.’-%
To clarify whether temporal frequency modulates binocular
balance through low- or high-level (e.g., attention-mediated)
pathways, we compare the effect of attentional and flicker
modulations and explore their relationship. We initially find
that, in contrast to our hypothesis, the eye shown a slowly
flickering grating is more perceptually dominant and that
there is no relationship between these two modulations. In
experiment 2, we test if a slower flickered eye is always more
dominant. However, after testing a wider range of temporal
frequencies of one eye, we find that intermediate tempo-
ral frequencies maximize eye dominance. In experiment 3,
to further see if the absolute temporal frequency value in
one eye or a specific value of temporal frequency difference
between eyes depends on the shift in binocular balance,
we test a range of temporal frequencies of both eyes and
ultimately find that the eye with a temporal frequency of
8.9 £ 1.4 Hz (95% confidence interval) is most perceptu-
ally dominant, regardless of the temporal frequency of the
other eye.

METHODS
Participants

Twenty-three normally sighted observers (23.8 &+ 1.9 years,
8 males; details in Table 1) and 13 individuals with ambly-
opia (25.4 £ 4.2 years, 9 males; details in Table 2) partic-
ipated in this study. Some of them participated in more
than one experiment (listed in Tables 1 and 2). We used
the definition of amblyopia outlined in the Preferred Prac-
tice Patterns of the American Academy of Ophthalmology® to
determine the criteria for subject recruitment. These criteria
included interocular best-corrected visual acuity difference
of two or more logMAR lines (>0.2 logMAR) with no other
ocular anomalies. All amblyopic subjects had been previ-
ously diagnosed, whose detailed clinical information is listed
in Table 2. All subjects were asked to wear their prescribed
optical corrections, if needed, during the experiment. Before
their enrollment, they provided an informed consent form.
Except for the primary author (CZ), all subjects were naive to
the purpose of the study, which was approved by the Ethics
Committee of Wenzhou Medical University and followed the
tenets of the Declaration of Helsinki.

Apparatus

All stimuli were generated by a Mac mini with MATLAB
R2016a (MathWorks, Natick, MA, USA) and PsychToolBox
3.0.14 extension.’® The stimuli were dichoptically presented
using gamma-corrected head-mounted goggles (GOOVIS
Pro, AMOLED display; NED Optics, Shenzhen, China). The
goggles had a resolution of 1920 x 1080 pixels, a refresh
rate of 60 Hz, a pixel density of 41.6 pixels per degree, and
a maximal luminance of 150 cd/m?.

Stimuli and Procedure

General Stimuli. In this study, an onset rivalry task
was used to test initial eye dominance, which refers to the
first eye that prevails in eye dominance during the measure-
ment. In this task, two sinusoidal gratings with a size of
4.2 x 4.2 degrees and a spatial frequency of 1.4 ¢/deg were
presented dichoptically to the two eyes (Fig. 1A). This spatial
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Observer Age/Sex VA (logMAR) OD/OS Refraction OD/OS RDS (Arcsecs) Experiment
N1 21/M 0 —4.00/—0.75 x 5 30 1
0 —3.75/—0.75 x 10
N2 25/F —0.02 —2.50/-0.75 x 177 25 1
—0.06 —2.50/—1.00 x 166
N3 24/M —-0.2 —0.75/—-0.25 x 90 40 1
—-0.1 —0.50/—0.50 x 90
N4 23/M —0.02 —4.50/—1.25 x 30 20 1
—0.08 —4.25/—1.00 x 165
N5 23/M —-0.1 Plano 20 1
—0.1 Plano
N6 25/F —0.04 —4.50/—0.50 x 108 30 1
0 —4.50/—0.50 x 152
N7 24/F —-0.1 —4.50 25 1
-0.1 —4.25
N8 25/F —0.02 —4.25 40 1,2
—0.06 —4.00/—1.00 x 165
N9 20/M —0.1 —5.50/—0.50 x 83 40 1,2
—0.04 —5.50/—0.50 x 75
N10 20/M 0 —2.25/—1.00 x 180 20 1,2
0 —1.25/—1.00 x 180
N11 24/F 0 —5.00 25 1,2
0 —-5.75
N12 23/F —0.02 —2.00 20 1,2
—0.08 —1.25
N13 24/F 0 —5.25/—1.00 x 160 20 1,2
0 —5.00/—1.50 x 155
N14 25/F —0.06 —4.75/—0.50 x 5 25 1,2
—0.08 —4.75/—0.50 x 5
N15 25/M 0 —1.50 20 1,2,3
0 —2.00
N16 23/F —0.1 Plano 20 1,2,3
—0.1 Plano
N17 23/F —0.1 —2.75 40 1,2,3
—-0.2 —-2.75
N18 25/M —0.16 —2.50 20 1,2, 3
—0.16 —-2.50
N19 24/F —0.2 —1.00 20 1,2,3
—-0.2 —-0.50
N20 25/F 0 —2.75/—0.75 x 100 20 1,3
—-0.1 —2.75/—0.75 x 90
N21 25/F —0.02 —2.50/—0.50 x 180 20 2,3
—0.04 —2.25/—0.75 x 70
N22 23/F —0.1 Plano 20 3
—0.1 Plano
N23 29/F —0.1 —2.75/—0.75 x 100 25 3
—-0.1 —2.50/—0.75 x 70

F, female; M, male; OD, right eye; OS, left eye; RDS, randot stereotest; VA, visual acuity.

frequency was chosen where binocular imbalance in ambly-
opes is mild (below 2 c¢/deg) and their data are still reli-
able (unreliable at high spatial frequencies).’! The gratings
were surrounded by a circular cosine envelope (window =
2.8 x 2.8 degrees). One grating had an orientation of +45°,
while the other eye’s grating had an orientation of —45°.
Two configurations of the orientations were used to elimi-
nate response bias. In the first configuration, the dominant
eye (DE) or fellow eye (FE) was presented with a grating
at +45°, while the nondominant eye (NDE) or amblyopic
eye (AE) was shown with a grating at —45°. In the second
configuration, the orientation of the grating shown to each
eye was reversed.

The method of constant stimuli was used to obtain a
balance point (BP), which was where two eyes would be

balanced. Specifically, gratings of the two eyes were shown
at seven contrast ratios (®,q0): 1/7, 1/3, 1/\/3, 1, \/5/1, 3/1,
and 7/1 for adults with normal vision. Base contrast (8) of
the grating was set at 0.37. The contrast of the gratings for
DE and NDE was B * a0 and B/a.ae 2, respectively.
In amblyopic observers, due to their severe imbalance, the
contrast of the grating was fixed at 100% for AE and set
at 100% * o0 for FE. We set seven individualized contrast
ratios to obtain the BP as different subjects had different
requirements for the contrast ratios, which were selected
based on their performances from practice trials. Before
each testing session, we ensured that subjects could clearly
see the grating monocularly at all ratios. Each orientation
configuration and interocular contrast ratio were repeated 10
times in one test block. Thus, there were 140 trials (2 orienta-
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Observer Age/Sex VA (logMAR) AE/FE  Refraction AE/FE  Squint RDS (Arcsecs) History of Treatment Experiment
Al 19/M 0.3 +4.00/—1.50 x 105 a3 200 Detected at 5 years old, 1
—0.1 +1.00/—1.00 x 115 patched for 1 year
A2 24/M 0.34 +3.00/—0.50 x 130 (%) 500 Detected at 9 years old, 1
—0.18 +0.25/—0.25 x 35 glasses since 18 years
old, patched for several
days
A3 30/M 0.42 +1.00/—1.00 x 15 %] 400 Detected at 7 years old, 1,2
—0.08 —4.75 patched occasionally for
1 year
A4 30/F 0.36 +3.00/—2.25 x 10 %] 400 Detected at 18 years old, 1,2
—0.06 Plano no treatment
A5 28/F 0.18 +2.00/-0.25 x 175 %] 60 Detected at 11 years old, 1,2
—0.1 —2.00/—-0.50 x 10 glasses since detection,
patched occasionally for
3 years
A6 18/M 0.4 —2.50 x 175 %] 400 Detected at 9 years old, 1,2
0 —8.25/-1.75 x 5 glasses since detection,
patched for 1 year
A7 23/M 0.3 —5.00 x 175 0} 200 Detected at 7 years old, 1,2
—-0.1 —0.50 x 30 patched for 1 month
A8 28/M 0.5 +2.50/—0.50 x 30 (9] 200 Detected at 4 years old, 1,2
-0.1 —1.00 patched occasionally for
1 year
A9 29/F 0.42 +2.50/—2.00 x 155 %) 200 Detected at 13 years old, 1,2
—0.1 —1.00 no treatment
A10 25/M 0.4 +4.00/—2.25 x 10 (%) 400 Detected at 20 years old, 1,2
—0.1 —0.75/—-0.50 x 175 no treatment
All 28/M 0.34 +1.25/—1.00 x 24 (%) 200 Detected at 11 years old, 1,2
0 —2.50/—0.50 x 45 patched occasionally for
6 months, glasses since
12 years old
A12 20/M 0.4 +2.00/—1.00 x 170 %) 200 Detected at 5 years old, 2
—0.06 —0.75/—0.25 x 5 glasses since detection,
patched for 3 years
Al13 28/F 0.38 +4.75/—0.50 x 20 (0] 200 Detected at 14 years old, 2
—0.14 —0.50 no treatment

F, female; M, male; AE, amblyopic eye; FE, fellow eye; RDS, randot stereotest; VA, visual acuity.

tion configurations x 7 interocular contrast ratios x 10 repe-
titions) in each test block. The order of the configurations
and interocular contrast ratios was randomized throughout
each trial.

In all experiments in the study, we flickered the grating
shown to each eye by modulating its contrast in a sinu-
soidal on-off fashion (see video of a 2-Hz grating at https:
//www.smin95.com/grating2hz.MP4) because of its impor-
tant advantage over square-wave contrast modulation. Previ-
ous studies on continuous flash suppression (CFS) report
that sinusoidal flicker contains only one temporal frequency,
whereas square-wave flicker can be decomposed into multi-
ple low temporal frequencies even at high temporal frequen-
cies.®>2 In other words, the temporal energy of sinusoidal
contrast modulation is specific. Sinusoidal contrast modu-
lation of the two gratings shown to both eyes began at the
same phase of the modulation, which was randomly selected
across trials.

General Procedure. Each test block of the onset
rivalry task included two parts. During the task, a surround-
ing frame composed of pixelated binary noise was shown
to promote convergence between the two eyes. Participants
were initially asked to perform an alignment trial first, during

which they were asked to adjust the location of the two
separate crosses into one composite cross using keyboard.
Next, the test phase would follow, during which the two
sinusoidal gratings were presented to the eyes dichoptically.
The stimuli were presented briefly (see details later). After
the stimulus presentation, subjects were asked to report
the orientation of the initially perceived grating (clockwise
or counterclockwise) using a keyboard (left or right key)
for each response. Then, a next trial of the test phase
would follow. It took about 3 minutes to complete one
test block. Each subject completed two test blocks for each
measurement condition. The data from the practice trials
were used to determine which eye was dominant for each
participant.

Experiment 1

The aim of the first experiment was twofold: to explore
whether the faster or slower flickered eye would be relatively
more dominant in normal and amblyopic vision and whether
this change was related to active or passive attentional effect.
Twenty normally sighted observers and 11 amblyopes partic-
ipated in this experiment (see Tables 1 and 2).
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Figure 1. Stimuli and illustration of data analysis. (A) Onset binocular rivalry task. Two sinusoidal gratings were dichoptically shown to
each eye. These two gratings have the same spatial frequency and size but different orientations relative to the horizontal axis (+45°).
Subjects were required to press a key to report what they initially perceived. (B) Onset binocular rivalry task with attentional cues. Four
dots (three white dots and one black dot) were added on the top, bottom, left, and right sides peripheral to the grating stimulus to direct
attention to NDE/AE. (C) A psychometric function. The y-axis denotes the probability of the subject perceiving the DE/FE’s grating. The
x-axis denotes the interocular contrast ratio in log units (agg). A cumulative logistic distribution function was used to fit this psychometric
curve. The BP indicates the point at which the two eyes had equal contribution to binocular vision.

Three types of stimuli were used in experiment 1, as
shown in Figure 1A and 1B. First, for the baseline condi-
tion, two static gratings were dichoptically presented to
both eyes for 0.75 seconds (“Baseline” in Fig. 2A). The
gratings had a gradual appearance and disappearance—the
contrast level varied as a function of a half-period sinewave,
increasing from O to the maximum in the first one-third of
the duration, remaining at this maximum for the middle
one-third, and then decreasing to 0 in the last one-third.
Second, two flickering gratings were dichoptically presented
for 1 second, with contrast modulated sinusoidally (“Flicker”
in Fig. 2A). The stimuli did not appear and disappear grad-
ually. Third, two static gratings were dichoptically shown
to both eyes for 1 second, which appeared and disap-
peared as those in the baseline, concurrently with atten-
tional cues presented to NDE/AE only (“Active attention”
and “Passive attention” in Fig. 2A). The cues, composed of
three white dots and one black dot on the top, bottom, left,
and right sides peripheral to the grating (Fig. 1B), were
small enough to not distract the participants while they
viewed the main grating. We were uncertain as to whether
the visibility of cues or their ability to attract visual atten-
tion would be affected by the flickering grating. There-
fore, we used static rather than flickering gratings in the
attentional conditions to precisely measure the impact of
attention, as previous studies did.*”*® The position of the
black dot was randomized in each trial. For the active atten-

tional condition, subjects were asked to verbally identify the
location of the black dot while they performed the main
rivalry task. If participants had mislocated the black dot
more than 10 times within one test block (140 trials), they
were asked to be retested again. Most of the participants
reached an accuracy of more than 95% (fewer than five
incorrect responses). For the passive attentional condition,
subjects were asked to focus only on the onset rivalry task.
Although the stimulus duration varied between the base-
line (first type) and experimental (second and third types)
viewing conditions, this was not an issue because initial
eye dominance could be induced within 300 ms when there
was a contrast difference between both eyes.”® The order of
the three experimental conditions was randomized for each
subject.

To introduce temporal frequency difference modulation
(“Flicker” in Fig. 2A), we sinusoidally modulated the contrast
levels of the left- and right-eye gratings at two different
temporal frequencies—one slow and one fast (NDE/AE:
4 Hz; DE/FE: 20 Hz). We used a random-number generator to
decide which eye was shown a faster flicker in each subject
group, thereby avoiding expectancy bias. These two tempo-
ral frequencies were selected because they are sufficiently
apart to be from unique temporal channels.?>*? Additionally,
they are still below the critical flicker fusion frequency,>>
which is a frequency value where observers stop perceiv-
ing flicker because it is too rapid. Before formal testing, we
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Condition Baseline  Flicker  Active attention Passive attention
DEFE | Static | 20Hz Uncued Uncued
NDE/AE : Static__; 4 Hz Cued + Report ~ Cued + No report
| | |
Random
Experiment 2
NDE/AE
DE/FE
2 Hz 3 Hz 6 Hz 10 Hz 15 Hz 20 Hz
L | 1 1 1 ]
Random
Experiment 3
NDE
2Hz [ 4Hz ¥TA0Hz
| 1 ]
Random
DE
3Hz {_4Hz 3 6Hz <Ii0Hz» 15Hz  20Hz
L | | | | | |
Random

Ficure 2. The experimental designs. (A) The experimental design of experiment 1. Binocular balance was measured when flicker, active
attention, and passive attention were introduced. Baseline was set when static stimuli were shown to both eyes (marked with dashed lines).
In the flicker condition, slow and fast flickering stimuli were separately shown to the two eyes (NDE/AE: 4 Hz; DE/FE: 20 Hz). In the
attentional condition, additional cues were shown to NDE/AE with (active attention) and without (passive attention) asking subjects to
respond to them. (B) The experimental design of experiment 2. Binocular balance was measured when NDE/AE was shown with a grating
that flickered at only 4 Hz, while DE/FE was tested at different temporal frequencies (2, 3, 4, 6, 10, 15, and 20 Hz). Baseline was defined
when both eyes viewed at 4 Hz (marked with dashed lines). (C) The experimental design of experiment 3. Binocular balance was measured
when NDE was fixed at a frequency of 2, 4, or 10 Hz, while DE was shown at different temporal frequencies (2, 3, 4, 6, 10, 15, and 20 Hz).
Baseline was when both eyes viewed at the same temporal frequency (2, 4, or 10 Hz in both eyes) (marked with dashed lines in different

shapes).

made sure that the subjects were able to see the flickering
grating monocularly at all contrast levels.

Experiment 2

The aim of the experiment was to test if various temporal
frequency differences elicited a similar dominance shift in
normally sighted and amblyopic observers as those from the
frequency difference tested in experiment 1 (4 Hz vs. 20 Hz).
Thirteen normally sighted observers (12 from experiment 1)
and 11 amblyopic observers (9 from experiment 1) partici-
pated in this experiment.

There was only one experimental condition in experi-
ment 2 (Fig. 2B). While NDE/AE was shown with a grating
that flickered at only 4 Hz, DE/FE was tested at different
temporal frequencies (2, 3, 4, 6, 10, 15, and 20 Hz). Its base-
line condition was categorized when both eyes were view-
ing gratings that flickered at 4 Hz (no temporal frequency
difference). Changes in binocular balance driven by differ-
ent temporal frequency differences were quantified relative

to the baseline condition. The order of the tested temporal
frequency was randomized for each subject.

Experiment 3

The goal of this experiment was to see if a specific value
of temporal frequency difference, regardless of the absolute
temporal frequency values in both eyes, predictably shifted
the binocular balance. Nine normally sighted observers (6
from experiment 2) participated in this experiment.

There were three experimental conditions (Fig. 2C).
While DE was tested at different temporal frequencies (2, 3,
4, 6, 10, 15, and 20 Hz) as in experiment 2, NDE was shown
with a grating that flickered at 2, 4, or 10 Hz. The base-
line condition was categorized when both eyes were view-
ing gratings that flickered at the same temporal frequency
(2, 4, or 10 Hz in both eyes). Shifts in binocular balance from
different temporal frequency differences were computed
relative to the baseline condition. The order of testing was
randomized for each participant.
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Data Analysis

A BP refers to a contrast ratio where both eyes contribute
equally. The perceptual responses of the subjects at seven
tested contrast ratios in each test block were converted to the
probability of the subject perceiving the DE/FE’s grating. The
contrast ratios were converted into log scale first to achieve
symmetry between eyes for further analysis by using the
following equation:

agp =20 X 10g10Qratio

where o4, is the contrast ratio of DE/FE to NDE/AE. When
the stimulus contrast of DE/FE is twice than that of NDE/AE
(Aratic = 2) to reach binocular balance state, it results in
ogg = 6 dB.

Using the Palamedes toolbox,”® we fitted the psychomet-
ric curve by a cumulative logistic function of the probability
of perceiving the DE/FE’s grating and interocular contrast
ratios in log units to estimate the contrast ratio at the BP
(Fig. 1C).”7-%8 Specifically, when the probability of the partic-
ipants perceiving the percept shown to DE/FE was 50%,
the binocular balance state was reached, and the corre-
sponding interocular contrast ratio was defined as BP. If two
eyes were balanced, BP would always be 0. If BP < 0, the
balance would favor DE/FE, while BP > 0 would indicate
that NDE/AE would be more perceptually dominant.

56

Statistical Analysis

All analyses were performed with R software.>® We used the
Shapiro-Wilk test first to check the normality of the data and
homogeneity of variance with Levene’s test. In experiment
1, a two-way mixed-measures analysis of variance (ANOVA)
and post hoc pairwise comparisons with Bonferroni correc-
tion were performed to examine whether changes in BP
were different among flicker, active attentional, and passive
attentional conditions and between two groups. A two-tailed
Pearson correlation was used to determine whether flicker-
driven changes in BP were correlated with active and passive
attention-driven changes in BP for each group. For exper-
iment 2, to explore the difference in temporal frequency
effect between normally sighted and amblyopic observers,
an unpaired Student’s f-test and a Wilcoxon rank-sum test
were performed separately for the normally and the nonnor-
mally distributed data. In experiment 3, a pairwise #-test for
paired groups with Bonferroni correction was performed to
test whether there was a significant difference in the data
among different experimental conditions. In the subsequent
comparisons, a paired #-test was used to compare baseline
BP in experiments 1 and 2, and a two-way mixed-measures
ANOVA and post hoc pairwise comparisons with Bonfer-
roni correction were performed to recompare the effects of
temporal frequency and monocularly directed attention on
binocular balance.

RESULTS

Experiment 1: Can a Higher Temporal Frequency
Shift Binocular Balance Through Attentional
Selection?

First, we wanted to check whether our hypothesis that a
faster flickered eye would be more dominant than a slower
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flickered eye was correct. This prediction was based on the
idea that faster signals could asymmetrically suppress slower
signals3>333¢ and that faster flicker could attract attention
more effectively.?>42-46 There were three conditions in this
experiment—flicker, active attention, and passive attention
conditions (see Methods).

Opposite to our assumption, we found that the slower
flickered eye at 4 Hz was more dominant than the faster flick-
ered eye at 20 Hz, as shown in Figure 3A, where the positive
value of change in BP indicates that NDE/AE has become
more dominant relative to baseline. To further explore
the relation between flicker and attentional modulations,
we first performed a two-way mixed-measures ANOVA to
compare their effects by designating experimental condition
(flicker, active attention, and passive attention) as a within-
subject factor and group (normally sighted and amblyopic
observers) as a between-subject factor. The analysis revealed
a significant effect of experimental condition (F(2, 58) =
12.894, P < 0.001) but not of subject group (F(1, 29) = 1.425,
P = 0.242) or the interaction between condition and group
(F(2,58) = 2.682, P = 0.077). Post hoc pairwise comparisons
with Bonferroni correction reported a significant difference
in BP shifts between active and passive attentional condi-
tions in both normally sighted (Z = 0.012) and amblyopic
(P = 0.032) groups, between flicker and active attentional
conditions in controls (P = 0.002), and between two groups
in the flicker condition (P = 0.048). These results indicate
that the impact of active attention was greater compared to
that of passive attention in both subject groups, and the
impact of temporal frequency difference was significantly
larger in amblyopes than in controls.

Even though we found that slower flicker rate leads
to a greater perceptual dominance, it does not eliminate
the possibility that temporal frequency differences and
attention might still interact to affect binocular balance.
For instance, 4 Hz could have captured more atten-
tion than 20 Hz due to some specific stimulus proper-
ties (e.g., apparent visibility) in our task. Therefore, we
performed a correlation analysis to determine whether these
changes in BP from temporal frequency difference and
attentional cues had any relationships (Fig. 3B). Accord-
ing to a Pearson correlation test, no significant correla-
tion was found between the effect of flicker and active
attention in controls (R = 0.053, P = 0.842; Fig. 3B(1)
and amblyopes (R = 0.55, P = 0.08; Fig. 3B(ii)). Simi-
larly, there was no significant correlation between the effect
of flicker and passive attention in controls (R = 0.28,
P = 0.234; Fig. 3B(iii)) and amblyopes (R = 0.1, P =
0.76; Fig. 3B(iv)). These results confirm that there is no
link between changes in binocular balance driven by tempo-
ral frequency difference and those by monocularly driven
attention.

Experiment 2: Is the Eye With a Lower Temporal
Frequency Always More Dominant?

In contrast to our prediction, we observed that the slower
flickered eye at 4 Hz was more perceptually dominant
than the faster flickered eye at 20 Hz in experiment 1.
However, whether a slower flickered eye would always
be more dominant regardless of the other eye’s frequency
was unclear. Therefore, we conducted experiment 2 to
test BP when one eye (DE/FE) was shown with a grat-
ing flickering at a wide range of temporal frequencies
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Ficure 3. Results from flicker and attentional effects on BP in normally sighted (z = 20) and amblyopic observers (z = 11). (A) Changes in
BP under different experimental conditions in the onset binocular rivalry task. The x-axis represents each experimental condition (flicker,
active attention, or passive attention). The filled and unfilled bars represent normally sighted and amblyopic observers, respectively. In
the flicker condition, two eyes separately viewed at low and high frequencies (NDE/AE: 4 Hz; DE/FE: 20 Hz). In attentional condition,
additional cues were added to NDE/AE with (active attention) and without (passive attention) subjects’ response. The error bars represent
standard errors. The asterisk denotes a significant difference between two experimental conditions or groups (*P < 0.05, **P < 0.01).
(B) Correlations between changes in BP measured in flicker and active attentional conditions (i, ii) and between changes in BP measured
in flicker and passive attentional conditions (iii, iv). Individual data of normally sighted and amblyopic observers are plotted in points and
squares, respectively. The thin dashed line represents no difference between changes in BP induced by flicker and attention.

(2 to 20 Hz) while the other eye (NDE/AE) was shown
with a grating flickering at 4 Hz in both normally sighted
and amblyopic observers. If our conclusion from experi-
ment 1 was true, then we would observe that the eye at
2 Hz would be more dominant because it was the slow-
est among the tested frequencies. Changes in BP were
computed relative to baseline when both eyes were shown
at 4 Hz.

Similarly, we observed that when the temporal frequency
of DE/FE was high (above 10 Hz) (Figs. 4A, 4B), it was
weaker than during baseline when both eyes were shown at
4 Hz. However, we observed that when DE/FE was shown
at 2 or 3 Hz, it would also become weaker, indicating that a
low frequency could reduce perceptual dominance.

The data of both subject groups exhibited a tuning
curve (Figs. 4A, 4B), which was fitted with a Gaussian
function G(x) = A x exp(—(xz_%)z) + o, where x = tempo-
ral frequency dimension, A = peak amplitude, p = peak
frequency, 0 = standard deviation, and « = baseline offset.
Amplitude, peak frequency, and bandwidth were calculated
for each participant’s tuning curve (Fig. 4C). According to the
unpaired Student’s t-test, the bandwidths (#(22) = —0.626, P
= 0.538; Fig. 4C(i))) and peak frequencies (#(22) = 1.395,
P = 0.177; Fig. 4C(ii1)) were similar between controls and
amblyopes. However, a Wilcoxon rank-sum test revealed that
the amplitudes were significantly different between controls
and amblyopes (W = 16, P = 0.001; Fig. 4C(1)), suggest-
ing that the magnitude of shift in balance from temporal
frequency differences was once again larger in amblyopes
than in normally sighted observers.

Experiment 3: Which Temporal Frequency
Maximizes Perceptual Dominance of One Eye?

Results from experiment 2 indicated that the eye was the
most dominant when it viewed at about 6 Hz while the
other eye viewed at 4 Hz. There are two possibilities for
why the peak was close to 6 Hz. First, where peak shift
is induced can depend on whether two eyes have a small
temporal frequency difference (e.g., 6 Hz in DE/FE and
4 Hz in NDE/AE). Second, the peak frequency can depend
on the actual value of the temporal frequency in one eye
regardless of the other eye’s temporal frequency. To further
identify it, we conducted experiment 3 by measuring BP in
more conditions: the DE was shown at frequencies rang-
ing from 2 to 20 Hz (as in experiment 2), while NDE was
fixed at a frequency of 2, 4, or 10 Hz. Only normally sighted
observers were recruited in this experiment because both
subject groups had similar peak frequencies in experiment
2. If the temporal frequency difference determined the peak
frequency, then the peak would be different at each of the
three conditions (NDE at 2, 4, or 10 Hz) because it would
depend on NDE’s temporal frequency. However, if the abso-
lute temporal frequency of each eye determined which eye
was more perceptually dominant, then the peak would be
similar across all three conditions.

As in experiment 2, we computed changes in BP relative
to baseline (when both eyes viewed at the same temporal
frequency: 2, 4, or 10 Hz). The results are shown in Figure 5
(NDE at 2 Hz in Fig. 5A(i); NDE at 4 Hz in Fig. 5A(ii); NDE
at 10 Hz in Fig. 5A(iii). The data (changes in BP) were
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denotes a significant difference between two groups (**P < 0.01).

once again fitted with a Gaussian function. We found that
the balance was maximally shifted in favor of DE when the
eye was shown at intermediate temporal frequencies regard-
less of NDE’s temporal frequency. In other words, a temporal
frequency difference between both eyes did not determine
the outcome of perceptual dominance. This was confirmed
by the fact that the peak was found to be near 7 Hz (of DE)
when NDE was fixed at 2 and 4 Hz.

Interestingly, the characteristics of the Gaussian curves
were quite different (Fig. 5B). Although the amplitudes were
similar across the three conditions (NDE fixed at 2, 4, or
10 Hz) (Fig. 5B(i)), we observed that the bandwidth was
narrower when the NDE was fixed at 10 Hz compared to
when it was fixed at 4 Hz based on pairwise comparisons
with Bonferroni correction (P = 0.028; Fig. 5B(ii)). The peak
frequency was also the highest when NDE was fixed at
10 Hz (Ps < 0.031 from pairwise comparisons; Fig. 5B(iii)).
A broader bandwidth might be associated with decreased
precision of the estimated peak frequency because, when
one eye is fixed at a frequency that significantly weak-
ens dominance (e.g., 2 Hz), multiple frequencies can be
stronger than 2 Hz but without informing which of the
stronger frequencies is the strongest. In other words, the
narrow bandwidth at 10 Hz indicates that the estimated peak
frequency is the most precise at this temporal frequency.

To confirm whether the peak temporal frequency would
be different when one eye was fixed at a higher tempo-
ral frequency (beyond 10 Hz), we replotted the tuning
functions for situations when one eye was fixed at 15 or

20 Hz using our data (DE at 15 Hz in Fig. 5A(iv); DE
at 20 Hz in Fig. 5A(v)). The estimated peak frequency
at each temporal frequency of the other eye is shown
in Figure 5C. At higher temporal frequencies beyond
10 Hz, peak frequencies were still at intermediate temporal
frequencies. However, as in the curves when NDE was fixed
at 2 or 4 Hz, the bandwidths of the two replotted curves
were wider than that when NDE was fixed at 10 Hz. This
suggests that the precision of the estimated peak frequen-
cies from the replotted curves was reduced. In short, the
ultimate peak frequency seems to be close to 8.9 + 1.4 Hz
(95% confidence interval from ¢-distribution), showing that
the eye with an intermediate temporal frequency, rather than
the small temporal frequency difference with the other eye,
becomes maximally dominant in sensory eye balance when
both eyes are shown with flickering images.

Combined Analysis: Which Effect of Temporal
Frequency or Monocularly Directed Attention on
Balance Is Larger?

Findings from experiments 2 and 3 indicate that the full
extent of temporal frequency modulation on binocular
balance is not captured when one eye is shown at 4 Hz
while the other eye is at 20 Hz (experiment 1). There-
fore, our initial finding that the effect of temporal frequency
difference is smaller than that of monocularly active atten-
tion in normally sighted observers is incomplete (Fig. 3A).
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Ficure 5. Results from effects on BP when NDE viewed at 2, 4, or 10 Hz and DE viewed at 2, 3, 4, 6, 10, 15, and 20 Hz in normally sighted
observers (n = 9). (A) The change in BP relative to baseline as a function of temporal frequency of the DE when NDE was fixed at 2 Hz (i),
4 Hz (ii), or 10 Hz (iii). The data were replotted as the change in BP as a function of temporal frequency of the NDE when DE was fixed at
15 Hz (iv) or 20 Hz (v), with the y-axis reversed to better compare each curve. The black points represent baselines. Continuous solid lines
indicate the best-fitting Gaussians. The error bars represent standard errors. (B) The three parameters derived from the best-fitting Gaussian
curves, including amplitude (i), bandwidth (ii), and peak frequency (iii) when NDE was fixed at 2, 4, and 10 Hz. The amplitude was defined
as the absolute height of the curve (i.e., the maximum change in BP minus the minimum). The bandwidth was the full width at half of the
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errors. The asterisk denotes a significant difference between two conditions (*P < 0.05). (C) Peak frequency of one eye as a function of
temporal frequency of the other eye. Each dot represents the mean value. The error bars represent standard errors.

Instead, the full magnitude of change in balance driven by eye’s flicker rate is fixed (Fig. 4). Note that in experiment 1,
temporal frequency can be captured as the amplitude of the static stimuli were used as baseline to compute the effect
Gaussian curve fitted to the empirical data as a function of of monocular attention on balance, while in experiments
multiple temporal frequencies of one eye while the other 2 and 3, stimuli flickering at the same rate were shown to
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FiGure 6. Results from comparisons between baseline BP in exper-
iments 1 and 2 (A) and between temporal frequency and atten-
tional (active and passive) effects on BP (B) in normally sighted
(n = 12) and amblyopic observers (z = 9), who participated in both
experiments 1 and 2. (A) Boxplots of BP under baseline conditions
in experiment 1 (static stimuli) and experiment 2 (stimuli flicker-
ing at 4 Hz) in normally sighted observers (i) and amblyopes (ii).
Individual data of normally sighted and amblyopic observers are
plotted in points and squares, respectively. The line in the middle
of box represents the median of the data. (B) Effects on BP under
different experimental conditions. The x-axis represents each exper-
imental condition (flicker, active attention, or passive attention). The
Silled and unfilled bars represent normally sighted and amblyopic
observers, respectively. In the flicker condition, the effects on BP
were represented by the amplitudes from the tuning curves in exper-
iment 2. In two attentional conditions, the effects on BP were repre-
sented by the changes in BP from the same conditions in experiment
1. The error bars represent standard errors. The asterisk denotes
a significant difference between two experimental conditions or

both eyes for baseline measurement to quantify the effect of
temporal frequency differences. Since we wanted to prop-
erly compare the effects of temporal frequency and monoc-
ularly driven attention, we first confirmed that these two
baseline conditions resulted in similar states of binocular
balance. Specifically, we compared BP in these two base-
lines from data of subjects who participated in both exper-
iments. According to the paired #-test, no significant differ-
ence was found between them in normally sighted observers
(#(11) = —1.570, P = 0.145; Fig. 6A(i)) and amblyopes (#8)
= —0.936, P = 0.377; Fig. 6A(ii). The amplitude was also
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found to be similar regardless of the fixed eye’s temporal
frequency (Fig. 5B(1)), indicating that the impact of tempo-
ral frequency on binocular balance remains consistent and
that the amplitude at 4 Hz can serve as a representative
measure of the overall effect of temporal frequency modula-
tion. Different vertical positions of the Gaussian fit (Fig. 5A)
across the three conditions in experiment 3 are not critical
for the value of amplitude, as they depend solely on the
single-frequency flicker rate presented to the other eye. In
summary, these preliminary analyses indicate that we could
compare the amplitudes from the temporal frequency Gaus-
sian curve from experiment 2 and BP shifts from atten-
tional modulation from experiment 1 using data of controls
and amblyopes who participated in both experiments
(Fig. 6B).

First, a two-way mixed-measures ANOVA designating
experimental condition (flicker, active attention, and passive
attention) as a within-subject factor and group (normally
sighted and amblyopic observers) as a between-subject
factor revealed a significant effect of experimental condition
(F(2, 38) = 5.472, P = 0.008) and the interaction between
condition and group (F(2, 38) = 5.219, P = 0.010) but not
of subject group (F(1, 19) = 0.774, P = 0.390). Furthermore,
post hoc pairwise comparisons with Bonferroni correction
reported a significant difference in effects on BP between
two groups in the flicker condition (P = 0.004) and between
flicker and passive attentional conditions in amblyopes (P
= 0.010). Together, these results reveal that the degree of
temporal frequency effect on binocular balance was similar
to that of active and passive attentional effects in normally
sighted observers, while it was larger than that of a passive
(but not active) attentional effect in amblyopes. Additionally,
as in experiments 1 and 2, the effect of temporal frequency
was larger in amblyopes than that in controls.

DiscusSION

We sequentially conducted three experiments in this study.
In experiment 1, we aimed to determine whether the eye
with the higher temporal frequency would be more percep-
tually dominant, as previous research has shown that faster
signals can asymmetrically suppress slower signals3?:33:36
and that faster flicker can more effectively capture atten-
tion.3>42-% Surprisingly, we found that the slower flickered
eye (4 Hz) was more dominant than the faster flickered eye
(20 Hz). Additionally, the shift in binocular balance due to
monocular attentional cues was not correlated with the shift
caused by the temporal frequency difference between the
two eyes in both normally sighted and amblyopic observers.
Overall, the first experiment demonstrated that in both
normally sighted and amblyopic individuals, a temporal
frequency difference influences binocular balance through a
mechanism distinct from the one by which monocular atten-
tion modulates sensory eye dominance.

In experiment 2, we tested at a wider range of tempo-
ral frequencies in one eye while keeping the other eye
fixed at 4 Hz to confirm whether the slower flickered eye
would indeed be more perceptually dominant. However,
we found that an intermediate temporal frequency (near
6 Hz) was the most dominant when the other eye was
fixed at 4 Hz. In experiment 3, we examined whether the
temporal frequency difference between both eyes or the
absolute temporal frequency value itself in each eye deter-
mined the state of binocular balance. This was accomplished
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by showing various temporal frequencies in one eye (2 to
20 Hz) while fixing the other eye at three different tempo-
ral frequencies (2, 4, or 10 Hz). We observed that the
value of temporal frequency in each eye, rather than the
difference in temporal frequency between both eyes, deter-
mined the outcome of perceptual balance, with intermediate
temporal frequencies (8.9 £ 1.4 Hz) maximizing eye domi-
nance. Finally, we compared the magnitudes of the effects
of temporal frequency and those of monocularly directed
attention in both normally sighted and amblyopic observers
by performing a combined analysis of the data from the
first two experiments. We observed that the effect of tempo-
ral frequency was larger in amblyopes than in controls and
that it shifted balance significantly more than monocularly
directed passive attention.

The Onset Rivalry Paradigm With Sinusoidally
Flickering Gratings

Several aspects of our experimental designs were deliber-
ately chosen to investigate how temporal frequency modu-
lates binocular balance. First, we chose to make the images
flicker in both eyes, rather than keeping one eye static while
the other flickered, to match the visual input energy between
both eyes. Flicker can almost reduce stimulus energy by half
because it can only be viewed for half the stimulus duration.
So, if one eye sees a flickering stimulus but not the other
eye, the former eye’s input energy will be lower, potentially
reducing its perceptual dominance. Second, we used sinu-
soidal contrast modulation to flicker the gratings because
it can be decomposed into only one temporal frequency,’?
making the result more interpretable. Third, we used an
onset rivalry task to measure initial dominance rather than a
sustained rivalry task to measure the dynamics of interocular
suppression. Previous research using a sustained rivalry task
found that presenting a flickering stimulus to one eye signif-
icantly reduced its perceptual dominance but did not alter
rivalry dynamics (i.e., the rate of perceptual alternation).®
Additionally, we limited the response choices to two rather
than three (excluding mixed perception) because the previ-
ous study reported that the proportion of mixed perception
remained unchanged even when one eye’s image is flick-
ered.®® This suggests that perceptual dominance in binocular
rivalry is possibly the most significant marker for captur-
ing the effect of temporal frequency differences between
both eyes. As for measuring perceptual dominance, previ-
ous studies using static stimuli have shown onset rivalry is
more sensitive than sustained rivalry>>°! and has statistical
power to be calculated by fitting psychometric function as
the analysis method in our study.

Relevance to the Literature

Interestingly, Alais and Parker® observed consistent and reli-
able changes in the dynamics of binocular rivalry when
the temporal frequency difference between the two eyes
was at least two octaves apart (e.g., 3 Hz vs. 12 Hz) in
the absence of spatial conflict. In other words, the dynam-
ics of rivalry was found to be significantly altered only if
the two frequencies belonged to separate temporal chan-
nels. Their findings further support the idea that the human
visual system only has two??3® or three®® temporal chan-
nels. In contrast, we observed that binocular balance, as
measured using onset rivalry, shifted consistently in favor
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of the eye with an intermediate frequency, even when the
temporal frequency difference between the two eyes was
small. This could be because binocular balance, rather than
the dynamics of binocular rivalry, could be affected more
readily, with smaller temporal frequency differences. Previ-
ous studies using static stimuli have shown that initial domi-
nance measured with an onset rivalry task can be a more
sensitive measure to evaluate sensory eye dominance than a
sustained rivalry task.53-°! Another explanation for the differ-
ence in our and their results may be the spatial conflict in
our study’s stimuli (orthogonal gratings) but its absence in
their stimuli. It is reasonable to presume that the presence of
spatial conflict makes it easier for the early visual system to
suppress one eye’s image,*>~% even if the two gratings flicker
at temporal frequencies that belong to one temporal chan-
nel. In sum, our findings show that the human visual system
can elicit a strong and robust shift in binocular balance in
both normally sighted and amblyopic observers even if there
is a small temporal frequency difference between the two
eyes.

We found that absolute temporal frequency values modu-
lated binocular balance: if one eye was shown at an interme-
diate temporal frequency (about 8.9 + 1.4 Hz), it was more
dominant regardless of the other eye’s temporal frequency.
Notably, this peak aligns with the temporal contrast sensi-
tivity function (TCSF) peaks (6-10 Hz) in both normal and
amblyopic vision reported in previous studies.3®2.%0-%8 On
one hand, this agreement between our findings and tempo-
ral contrast sensitivity results suggests that monocular stimu-
lus visibility could account for the peak frequency in binoc-
ular balance. However, it seems that stimulus visibility at
the threshold level (TCSF) does not fully account for other
aspects of our findings. To illustrate, our tested range is simi-
lar to that of typical TCSF measurements, but the shapes
of the curve appear different. Our fitted Gaussian curve
is symmetrical around the peak (Fig. 5A), whereas TCSF
is asymmetrical with significant tapering at higher tempo-
ral frequencies (above 10 Hz). In other words, if temporal
contrast sensitivity fully accounted for our results, we would
also have seen an asymmetric curve with similar tapering
points from our Gaussian functions. Furthermore, although
temporal contrast sensitivity is significantly higher at 2 Hz
than at 20 Hz?%2%-% our findings using suprathresh-
old stimuli to measure binocular balance are contrary, as
20 Hz boosts ocular dominance more (Fig. 5A()). This
discrepancy could be because the mechanism underlying
binocular balance at a suprathreshold contrast level is not
directly tied to contrast sensitivity differences between eyes
(assessed at the threshold level).!:%-72 For example, binoc-
ular imbalance at the suprathreshold level can be larger than
that predicted from the contrast sensitivities or monocu-
lar perceived contrast of the two eyes at the threshold in
both normally sighted and amblyopic observers.”%’! There-
fore, although temporal contrast sensitivity at the threshold
level matches our peak frequency in ocular dominance using
the suprathreshold binocular rivalry task, there are signifi-
cant differences between them at outer temporal frequen-
cies, suggesting that monocular stimulus visibility can only
partially account for our results.

What could describe this discrepancy between the asym-
metrical TCSF curve and our symmetrical Gaussian curves
(Fig. 5A)? A typical TCSF measurement only concerns
monocular or binocular stimulus visibility. However, a binoc-
ular rivalry task measures perceptual outcome from inte-
rocular suppression, which primarily manifests when two
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eyes view conflicting images, causing the visual system to
prefer one eye’s input to the other eye’s input. According to
our findings, temporal frequency might directly influence
interocular suppression. This is because previous studies
have found temporal frequency modulation of interocular
suppression in CFS and masking experiments,’>%%73 which
cannot be accounted for by temporal contrast sensitivity.”? %2
In addition, both psychophysical®?-33-3¢ and neurophysiolog-
ical’* studies show asymmetrical suppression in temporal
processing, where a high-frequency channel suppresses the
response of a low-frequency channel. Likewise, in our study,
a higher temporal frequency (e.g., 20 Hz) in one eye might
asymmetrically suppress the signal at a slower temporal
frequency in the other eye (e.g., 2 Hz). Considering that the
channels intersect at about 6 to 8 Hz,32:3%37 we can infer that
the temporal frequency difference between the two outer
frequencies (2 Hz and 20 Hz) was large enough to induce
asymmetrical suppression between the two temporal chan-
nels. Alternatively, we observed the peak at an intermediate
frequency (8.9 + 1.4 Hz) because this is where two tempo-
ral channels intersect. In other words, our reported peak
frequency might activate both channels, thereby maximiz-
ing ocular dominance. To better understand how temporal
frequency affects binocular balance, future research should
parse contributions of monocular stimulus visibility and inte-
rocular suppression.

Although rapid flicker can capture attention,>4>~% our
findings show that eye dominance did not increase as a
function of temporal frequency (Fig. 4). Moreover, there
was no direct correlation between the impacts of flicker
and attention (Fig. 3B), indicating that the mechanism that
drives the effect of temporal frequency is different from
those of active and passive attention, both of which can
boost apparent contrast monocularly with cues.”~% Active
attention operates through top-down mechanisms, priori-
tizing visual inputs based on internal goals, while passive
attention is driven by bottom-up processes that respond
to the salience of visual features.””~7’ Instead, rather than
modulating stimulus visibility through attention, which is
more susceptible to a faster flicker rate’5%*~% it seems
more likely that temporal frequency modulates binocular
balance through the interplay between stimulus visibility
from temporal contrast perception and asymmetric inhibi-
tion between low and high temporal channels.

Intriguingly, we found that active attentional cues in
one eye induced a stronger shift in binocular balance
compared to passive attentional cues in both normally
sighted and amblyopic observers (Fig. 3A), indicating that
the pronounced shifts induced by both active and passive
attention exist in visually intact and abnormal popula-
tions. This is consistent with the studies on attention in
normally sighted individuals by Zhang et al.* and Wong
et al.®® However, it contradicts the recent finding in ambly-
opes by Wong et al.,”® who observed that the monocular
attentional effects are mainly stimulus-driven (passive). This
discrepancy might be attributed to several factors. First, they
measured sustained rivalry, while we examined onset rivalry,
which is more sensitive when measuring eye dominance.33-°!
Besides, the cue stimuli and tasks used to attract attention
also vary. The active attention task in our study was simpler
as it only asked subjects to verbally locate the black dot
among four dots, while the active cueing task in the study
of Wong et al.”® required subjects to report the color symme-
try of dots surrounding the gratings using secondary button
presses in addition to a primary continuous response (e.g.,
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moving a joystick) of the sustained rivalry task. Along with
our larger sample size (11 as opposed to 8 amblyopes in the
study by Wong et al.”®), the simplicity in our task might have
allowed us to reduce measurement variability and increase
sensitivity in detecting statistical significance between effects
of active and passive attention in the amblyopic population
(Fig. 3A). Our finding reports robust and similar effects of
active and passive attention in both normally sighted and
amblyopic populations for the first time, opening up new
possibilities for binocular therapy in amblyopia. This find-
ing is timely because previous studies show that luminance
and contrast modulations elicit reduced benefits in binocu-
lar balance in amblyopes compared to controls,?*7 as the
suppression from the fellow eye to the amblyopic eye is
significantly stronger than the suppression in the reverse
direction.!®!! Put together, our findings suggest that direct-
ing attention to the amblyopic eye’s image can be an effec-
tive strategy in reducing severe amblyopic imbalance when
images to both eyes are required to remain intact. This
approach could be different and potentially more effective
than dichoptic therapies that reduce brightness or contrast of
the fellow eye’s image to alleviate imbalance. This is because
attentional modulation remains robust even under unequal
interocular suppression in amblyopia (Fig. 3A), whereas the
effects from changes in luminance and contrast can be weak-
ened by that suppression.

Although attentional modulations induced similar
degrees of changes in balance in both controls and ambly-
opes, the shifts from temporal frequency modulation were
larger in amblyopes than in controls (experiments 1 and
2). The fact that a visual manipulation could introduce a
larger change in amblyopes than in controls is novel, as
previous studies showed that a much larger, severe manip-
ulation of visual information (in luminance and contrast) is
necessary to induce a similar degree of change in binocular
balance in amblyopes.2®-?” Notably, the changes in binocular
balance by temporal frequency were larger than the changes
induced by passive attentional modulation in amblyopes
but not in controls (Fig. 6B). This indicates that temporal
modulation of visual input could be another avenue for
dichoptic therapies to exploit in treating individuals with
amblyopia.

Our study has a few notable limitations. First, only a
low spatial frequency (1.4 c¢/deg) was tested. This was to
remove the confounding effect of variability in binocular
balance measurements at higher frequencies in amblyopes.>!
Nevertheless, with more trial counts, this problem could be
alleviated. Hence, higher spatial frequencies should also be
explored, especially because binocular imbalance becomes
significant as a function of spatial frequency.®*-’> Second,
all the patients recruited in our study were anisometropic
amblyopes. Whether such an effect can be generalized to
higher spatial frequencies and to individuals with other
types of amblyopia apart from anisometropia (e.g., strabis-
mic amblyopia) remains to be studied in the future.

In conclusion, our findings demonstrate how temporal
frequency differences alter binocular balance in normally
sighted and amblyopic observers. We provide the first
evidence that the alterations in balance driven by tempo-
ral frequency differences do not share the same mecha-
nism as those driven by monocularly directed attention.
Additionally, our study reveals that intermediate temporal
frequencies (about 8.9 + 1.4 Hz) maximize the perceptual
dominance of the eye regardless of the other eye’s tempo-
ral frequency. The effect of temporal frequency is larger in
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amblyopia than in normally sighted adults and larger than
that of monocularly directed passive attention in ambly-
opia. These results expand our understanding of temporal
frequency modulation on binocular vision and provide a
new potential approach to improve amblyopic vision.

Acknowledgments

Supported by a National Natural Science Foundation of China
grant (32350410414, to SM), a National Foreign Expert Project
fund (QN2022016002L, to SM), a National Natural Science
Foundation of China grant (82471118, to JZ), the Non-profit
Central Research Institute Fund of Chinese Academy of Medical
Sciences (2023-PT320-04, to JZ), and the Natural Science Foun-
dation for Distinguished Young Scholars of Zhejiang Province,
China (LR22H120001, to JZ).

Disclosure: C. Zhou, None; J. Zhou, None; S.H. Min, None

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Hubel DH, Wiesel TN. Binocular interaction in striate cortex
of Kkittens reared with artificial squint. J Neurophysiol.
1965;28(6):1041-1059.

. Daw NW. Visual Development. New York, NY: Springer;

2006.

. Hubel DH, Wiesel TN. The period of susceptibility to the

physiological effects of unilateral eye closure in Kittens.
Physiology. 1970;206(2):419-436.

. Hubel DH, Wiesel TN, LeVay S. Plasticity of ocular domi-

nance columns in monkey striate cortex. Philos Trans R Soc
Lond B Biol Sci. 1977;278(961):377-409.

. Kiorpes L, Daw N. Cortical correlates of amblyopia. Vis

Neurosci. 2018;35:E016.

. Gopal SKS, Kelkar J, Kelkar A, Pandit A. Simplified updates

on the pathophysiology and recent developments in the
treatment of amblyopia: a review. Indian J Ophthalmol.
2019;67(9):1392-1399.

. Birch EE. Amblyopia and binocular vision. Prog Retin Eye

Res. 2013;33:67-84.

. Wallace DK, Repka MX, Lee KA, et al. Amblyopia preferred

practice pattern. Ophthalmology. 2018;125(1):105-142.

. Sengpiel F, Blakemore C. The neural basis of suppression

and amblyopia in strabismus. Eye (Lond). 1996;10:250-258.
Gong L, Reynaud A, Wang Z, et al. Interocular suppression
as revealed by dichoptic masking is orientation-dependent
and imbalanced in amblyopia. Invest Opbthalmol Vis Sci.
2020:;61(14):28.

Zhou J, Reynaud A, Yao Z, et al. Amblyopic suppression:
passive attenuation, enhanced dichoptic masking by the
fellow eye or reduced dichoptic masking by the ambly-
opic eye? Invest Opbthalmol Vis Sci. 2018;59(10):4190-
4197.

McKee SP, Levi DM, Movshon JA. The pattern of visual
deficits in amblyopia. J Vis. 2003;3(5):5.

Friendly DS. Amblyopia: definition, classification, diagnosis,
and management considerations for pediatricians, family
physicians, and general practitioners. Pediatr Clin North
Am. 1987;34(6):1389-1401.

Blake R, Logothetis N. Visual competition. Nat Rev Neurosci.
2002;3(1):13-21.

Ooi TL, He ZJ. Sensory eye dominance: relationship
between eye and brain. Eye Brain. 2020;12:25-31.

Alais D. Binocular rivalry: competition and inhibition
in visual perception. Wiley Interdiscip Rev Cogn Sci.
2012;3(1):87-103.

Fox R, Herrmann J. Stochastic properties of binocular rivalry
alternations. Percept Psychophys. 1967;2(9):432-4306.

18.

19.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

30.

37.

38.

39.

40.

41.

IOVS | April 2025 | Vol. 66 | No.4 | Article 8 | 14

Dieter KC, Sy JL, Blake R. Individual differences in sensory
eye dominance reflected in the dynamics of binocular
rivalry. Vis Res. 2017;141:40-50.

Ding Y, Naber M, Gayet S, et al. Assessing the generalizabil-
ity of eye dominance across binocular rivalry, onset rivalry,
and continuous flash suppression. J Vis. 2018;18(6):6.
Stalmeier PF, de Weert CM. Binocular rivalry with chromatic
contours. Percept Psychophys. 1988;44(5):456—462.

. Holmes DJ, Hancock S, Andrews TJ. Independent binocular

integration for form and colour. Vis Res. 2006;46(5):665—
677.

Alais D, Melcher D. Strength and coherence of binocular
rivalry depends on shared stimulus complexity. Vis Res.
2007;47(2):269-279.

van Ee R. Dynamics of perceptual bi-stability for stereo-
scopic slant rivalry and a comparison with grating, house-
face, and necker cube rivalry. Vis Res. 2005;45(1):29-40.
Fahle M. Binocular rivalry: suppression depends on orien-
tation and spatial frequency. Vis Res. 1982;22(7):787-800.
Alais D, Parker A. Binocular rivalry produced by tempo-
ral frequency differences. Front Hum Neurosci. 2012;6:
227.

Zhou S, Weng L, Zhou C, et al. Reduced monocular lumi-
nance promotes fusion but not mixed perception in ambly-
opia. Invest Ophthalmol Vis Sci. 2024;65(4):15.

Zhou J, Jia W, Huang C, Hess RF. The effect of unilateral
mean luminance on binocular combination in normal and
amblyopic vision. Sci Rep. 2013;3:2012.

Hess RF, Thompson B. Amblyopia and the binocular
approach to its therapy. Vis Res. 2015;114:4-16.

Zhou J, Reynaud A, Hess RF. Real-time modulation of
perceptual eye dominance in humans. Proc Biol Sci.
2014;281(1795):20141717.

Hess RF, Thompson B, Baker DH. Binocular vision in ambly-
opia: structure, suppression and plasticity. Ophthalmic Phys-
iol Opt. 2014;34(2):146-162.

Ding J, Levi DM. Rebalancing binocular vision in amblyopia.
Opbthalmic Physiol Opt. 2014;34(2):199-213.

Cass J, Alais D. Evidence for two interacting temporal chan-
nels in human visual processing. Vis Res. 2006;46(18):2859—
2868.

Cass J, Alais D, Spehar B, Bex PJ. Temporal whitening: tran-
sient noise perceptually equalizes the 1/f temporal ampli-
tude spectrum. J Vis. 2009;9(10):1-19.

O’Shea RP, Blake R. Dichoptic temporal frequency differ-
ences do not lead to binocular rivalry. Percept Psychophys.
1986;39(1):59-63.

Ivry RB, Cohen A. Asymmetry in visual search for targets
defined by differences in movement speed. J Exp Psychol
Hum Percept Perform. 1992;18(4):1045-1057.

Anderson SJ, Burr DC. Spatial and temporal selectivity of the
human motion detection system. Vis Res. 1985;25(8):1147—
1154.

Hammett ST, Smith AT. Two temporal channels or three? A
re-evaluation. Vis Res. 1992;32(2):285-291.

Snowden RJ, Hess RF, Waugh SJ. The processing of temporal
modulation at different levels of retinal illuminance. Vis Res.
1995;35(6):775-789.

Adrian ED, Matthews R. The action of light on the eye:
Part 1. The discharge of impulses in the optic nerve and
its relation to the electric changes in the retina. J Physiol.
1927;63(4):378-414.

Hubel DH, Wiesel TN. Receptive fields, binocular interac-
tion and functional architecture in the cat’s visual cortex.
J Physiol. 1962;160(1):106-154.

Bair W, Cavanaugh JR, Smith MA, Movshon JA. The timing
of response onset and offset in macaque visual neurons.
J Neurosci. 2002;22(8):3189-3205.



Investigative Ophthalmology & Visual Science

Temporal Frequency Modulation in Amblyopic Vision

42.

43.

44.

45.

40.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Yantis S, Jonides J. Abrupt visual onsets and selective atten-
tion: evidence from visual search. J Exp Psychol Hum Percept
Perform. 1984;10(5):601-621.

Yantis S, Jonides J. Abrupt visual onsets and selective atten-
tion: voluntary versus automatic allocation. J Exp Psychol
Hum Percept Perform. 1990;16(1):121-134.

Gaspelin N, Ruthruff E, Lien MC. The problem of latent
attentional capture: easy visual search conceals capture by
task-irrelevant abrupt onsets. J Exp Psychol Hum Percept
Perform. 2016;42(8):1104-1120.

Stolte M, Ansorge U. Automatic capture of attention by
flicker. Atten Percept Psychophys. 2021;83(4):1407-1415.
Cass J, Van der Burg E, Alais D. Finding flicker: critical
differences in temporal frequency capture attention. Front
Psychol. 2011;2:320.

Ooi TL, He ZJ. Binocular rivalry and visual awareness: the
role of attention. Perception. 1999;28(5):551-574.

Wong SP, Baldwin AS, Hess RF, Mullen KT. Shifting eye
balance using monocularly directed attention in normal
vision. J Vis. 2021;21(5):4.

Zhang P, Jiang Y, He S. Voluntary attention modulates
processing of eye-specific visual information. Psychol Sci.
2012;23(3):254-260.

Kleiner M, Brainard DH, Pelli D, et al. What's new in
Psychtoolbox-3. Perception. 2007;36:1-16.

Min SH, Mao Y, Chen S, et al. A clinically convenient test
to measure binocular balance across spatial frequency in
amblyopia. iScience. 2022;25(1):103652.

Han S, Lunghi C, Alais D. The temporal frequency tuning
of continuous flash suppression reveals peak suppression
at very low frequencies. Sci Rep. 2016;6:35723.

Song C, Yao H. Duality in binocular rivalry: distinct sensitiv-
ity of percept sequence and percept duration to imbalance
between monocular stimuli. PLoS One. 2009;4(9):€6912.
Gautam D, Vinay D. A study of critical flicker fusion thresh-
old among smartphone users. Int J Curr Microbiol App Sci.
2020;9(3):2381-2386.

Mankowska ND, Marcinkowska AB, Waskow M, et al. Crit-
ical flicker fusion frequency: a narrative review. Medicina
(Kaunas). 2021;57(10):1096.

Prins N, Kingdom FAA. Applying the model-comparison
approach to test specific research hypotheses in
psychophysical research using the Palamedes toolbox.
Front Psychol. 2018;9:1250.

Zou L, Zhou C, Hess RF, et al. Daily dose-response
from short-term monocular deprivation in adult humans.
Opbthalmic Physiol Opt. 2024;44(3):564-575.

Jiang N, Zheng Y, Chen M, et al. Binocular balance
across spatial frequency in anisomyopia. Front Neurosci.
2024;18:1349436.

Min SH. Visualization of composite plots in R using a
programmatic approach and smplot2. Adv Methods Pract
Psychol Sci. 2024;7(3):25152459241267927.

60.

61.

62.

63.

64.

65.

66.
67.

68.

69.

70.
71.

72.

73.

74.

75.

76.

77.

78.

79.

IOVS | April 2025 | Vol.66 | No.4 | Article 8 | 15

Abuleil D, McCulloch DL, Patterson H, Thompson B. Modu-
lation of binocular rivalry with rapid monocular visual stim-
ulation. Eur J Neurosci. 2021;53(4):1008-1018.

Stanley J, Forte JD, Cavanagh P, Carter O. Onset rivalry: the
initial dominance phase is independent of ongoing percep-
tual alternations. Front Hum Neurosci. 2011;5:140.

Hess RF, Snowden RJ. Temporal properties of human visual
filters: number, shapes and spatial covariation. Vis Res.
1992;32(1):47-59.

Blake R. A neural theory of binocular rivalry. Psychol Rev.
1989;96(1):145-167.

Said CP, Heeger DJ. A model of binocular rivalry
and cross-orientation suppression. PLoS Comput Biol.
2013;9(3):¢1002991.

Klink PC, Brascamp JW, Blake R, van Wezel RJ.
Experience-driven plasticity in binocular vision. Curr Biol.
2010;20(16):1464-1469.

Wesson MD, Loop MS. Temporal contrast sensitivity in
amblyopia. Invest Ophthalmol Vis Sci. 1982;22(1):98-102.
Mantiuk RK, Ashraf M, Stelacsf Chapiro A. ACM Trans
Graphbics. 2022;41(4):1-16.

Robson JG. Spatial and temporal contrast-sensitivity func-
tions of the visual system. J Opt Soc Am. 1966;56(8):1141-
1142.

Mao Y, Min SH, Chen S, et al. Binocular imbalance in ambly-
opia depends on spatial frequency in binocular combina-
tion. Invest Ophthalmol Vis Sci. 2020;61(8):7.

Huang CB, Zhou J, Lu ZL, et al. Binocular combination in
anisometropic amblyopia. J Vis. 2009;9(3):17.1-17.16.

Ding J, Klein SA, Levi DM. Binocular combination in abnor-
mal binocular vision. J Vis. 2013;13(2):14.

Chen S, Min SH, Cheng Z, et al. Binocular visual deficits
at mid to high spatial frequency in treated amblyopes.
iScience. 2021;24(7):102727.

Kaunitz LN, Fracasso A, Skujevskis M, Melcher D. Waves of
visibility: probing the depth of inter-ocular suppression with
transient and sustained targets. Front Psychol. 2014;5:804.
Allison JD, Smith KR, Bonds AB. Temporal-frequency tuning
of cross-orientation suppression in the cat striate cortex. Vis
Neurosci. 2002;18(6):941-948.

Zhaoping L. Attention capture by eye of origin single-
tons even without awareness—a hallmark of a bottom-
up saliency map in the primary visual cortex. J Vis.
2008;8(15):1-18.

Carrasco M. Visual attention: the past 25 years. Vis Res.
2011;51(13):1484-1525.

Lockhofen DEL, Mulert C. Neurochemistry of visual atten-
tion. Front Neurosci. 2021;15:643597.

Wong SP, Hess RF, Mullen KT. Monocular eye-cueing shifts
eye balance in amblyopia. J Vis. 2025;25(1):6.

Min SH, Mao Y, Chen S, et al. Modulation of mean lumi-
nance improves binocular balance across spatial frequen-
cies in amblyopia. iScience. 2022;25(7):104598.



