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Abstract

Short-term monocular deprivation (MD) shifts sensory eye balance in favour of the
previously deprived eye. The effect of MD on eye balance is significant but brief in
adult humans. Recently, researchers and clinicians have attempted to implement
MD in clinical settings for adults with impaired binocular vision. Although the ef-
fect of MD has been studied in detail in single-session protocols, what is not known
is whether the effect of MD on eye balance deteriorates after repeated periods of
MD (termed ‘perceptual deterioration’). An answer to this question is relevant for
two reasons. Firstly, the effect of MD (i.e., dose-response) should not decrease with
repeated use if MD is to be used therapeutically (e.g., daily for weeks). Second, it
bears upon the question of whether the neural basis of the effects of MD and con-
trast adaptation, a closely related phenomenon, is the same. The sensory change
from contrast adaptation depends on recent experience. If the observer has re-
cently experienced the same adaptation multiple times for consecutive days, then
the adaptation effect will be smaller because contrast adaptation exhibits percep-
tual deterioration, so it is of interest to know if the effects of MD follow suit. This
study measured the effect of 2-h MD for seven consecutive days on binocular bal-
ance of 15 normally sighted adults. We found that the shift in eye balance from MD
stayed consistent, showing no signs of deterioration after subjects experienced
multiple periods of MD. This finding shows no loss of effectiveness of repeated
daily doses of MD if used therapeutically to rebalance binocular vision in otherwise
normal individuals. Furthermore, ocular dominance plasticity, which is the basis
of the effects of short-term MD, does not seem to share the property of ‘percep-
tual deterioration’ with contrast adaptation, suggesting different neural bases for
these two related phenomena.

KEYWORDS
binocular balance, clinical application, dose-response, monocular deprivation, ocular dominance
plasticity
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INTRODUCTION

The critical period is a narrow time window after birth
when the developing brain is most susceptible to visual
influence from the environment. One extreme example
is that removing the visual input to one eye (long-term
monocular deprivation, LTMD) can significantly affect
how the visual system processes information for a long
period of time after early visual development. LTMD can
be implemented by suturing one eye of animals; the eye
whose input is removed is referred to as the deprived eye.

Upon discovering the critical period in kittens and mon-
keys, Hubel and Wiesel' found that the response and
population of neurons in the ocular dominance column
of the primary visual cortex were significantly reduced in
regions that were driven by the deprived eye if LTMD was
introduced during the critical period, but not during adult-
hood.? These neural changes from LTMD during the criti-
cal period remain throughout life, even if the input to both
eyes were to be restored during adulthood. Perceptual
consequences from these physiological alterations follow-
ing LTMD include diminished sensitivity of the deprived
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eye and a decrease in its relative weight in binocular vi-
sion.* These perceptual changes are also referred to as
ocular dominance plasticity because they are correlated
with how the ocular dominance columns in the early visual
cortex reorganised through plasticity.

More recently, human and primate studies have shown
that a period of short-term MD (e.g., 2-3h with an eye
patch) can temporarily shift sensory eye dominance (i.e.,
relative weight in binocular vision) towards that of the de-
prived eye.>” This change is in the opposite direction to
that of LTMD during the critical period. The effect of short-
term MD in humans for binocular vision has been demon-
strated using various visual tests that measure sensory eye
dominance in binocular combination and competition.>”®
The effect of short-term MD has physiological correlates
in the primary visual cortex of humans.”™"" Recently, re-
searchers have attempted to introduce repeated periods
of short-term MD across days or months to restore the vi-
sion of young adults with binocular imbalance, which is a
common feature of dissociative visual disorders that affect
up to 18% of the population.'? Amblyopia, a developmen-
tal visual disorder that affects 3%-5% of the population, is
an extreme example of imbalanced binocular vision where
there can be almost total reliance on one eye when both
eyes are open.

However, the underlying mechanism of how short-
term MD affects binocular balance remains to be clarified.
Although short-term MD significantly shifts the binocular
balance, the dynamic of the effect following short-term
MD is transient, lasting for only 30-90min.>’ Its dynamics
are reminiscent of the dynamics of sensory changes follow-
ing visual adaptation to a low-contrast input (i.e., contrast
adaptation). Changes from a brief visual adaptation can
disappear within a short timescale ranging from seconds
to a few minutes.”>"” With a longer duration of visual ad-
aptation, the changes may last for more than 10 min,'® dis-
playing a similar dynamic to that of short-term MD. After
adaptation to low contrast, the sensitivity of the adapted
eye increases briefly.”” Likewise, short-term MD using an
eye patch removes all form information (i.e., contrast) from
the deprived eye. So, it is reasonable to argue that the per-
ceptual boost of the deprived eye could be attributed to a
heightened sensitivity as a consequence of the eye being
‘adapted’ to zero contrast.?

After visual adaptation to a low-contrast stimulus, per-
ceptual changes in that eye's processing can be of differ-
ent magnitudes depending on recent prior experience.
For example, they could be large if the eye had not re-
cently experienced a single period of contrast adaptation.
However, they are much smaller if the eye had previously
experienced multiple periods of the same adaptation to
the same stimulus for consecutive days.?"** The reduced
sensitivity in producing perceptual changes after repeated
periods of visual adaptation is referred to as perceptual
deterioration.”’ Previous studies reported that per-
ceptual deterioration is observed when six to eight (but
not more) repetitions of adaptation are introduced in a

Key points

« A single session of 2-h short-term monocular
deprivation can boost the previously deprived
eye's relative contribution to binocular vision.

« Whether the effect of short-term monocular
deprivation on ocular dominance is potent even
after the observer experiences repeated doses
of short-term monocular deprivation must be
clarified to explore its potential application to
long-term clinical therapy.

« These results indicate that the effect of short-
term monocular deprivation produced equally
potent shifts in binocular balance even after
repeated exposures across consecutive days,
providing support that short-term monocular
deprivation and contrast adaptation may have
different neural bases.

cluster.?*~?° If perceptual deterioration is also present in
the effect of short-term MD, its effect too should decrease
after repeated periods of short-term MD, supporting that
both contrast adaptation and the effect of short-term MD
could share the same neural basis. In addition, if short-
term MD is incorporated in clinical settings for adults with
impaired binocular vision, it will be preferable if each ses-
sion of short-term MD induces a maximal effect because
the treatment protocol can involve consecutive periods of
short-term MD across weeks or months and be more likely
to restore long-term eye balance.

Clinically, the degree of perceptual change after a sin-
gle period of short-term MD can be thought of as dose-
response. In the standard patching therapy for children
with amblyopia, the fellow eye is patched and the non-
deprived eye's visual acuity is improved.*® However, the
recurrence rate of amblyopia after the therapy is high, and
the compliance rate of the therapy is low because it forces
the children to interact with their world solely through their
worse eye during patching.>'” For this reason, the dose-
response of amblyopic children to the patching therapy
has been modelled by measuring the improvement rate of
visual acuity over treatment duration to optimise the treat-
ment regimen.>** Recently, the dose-response to short-
term MD of the non-dominant eye (i.e., the deprived eye),
whose ocular dominance is increased in binocular vision,
has been explored in amblyopic adults. The dose-response
can be plotted as the magnitude of the binocular change
as a function of repeated sessions of short-term MD.**3®
For instance, anisometropic amblyopes' ocular dominance
as measured from binocular rivalry was found to be more
balanced after six sessions of short-term MD and physical
exercise over 4weeks.> In addition, Zhou et al.>® observed
an increase in visual acuity gain of the affected eye of am-
blyopic adults, as well as an improvement in eye balance

85U8017 SUOWILIOD BAea.D 3edldde ayp Aq pausenob aJe e YO ‘SN JO s3I 10} ARIqIT8UIIUO AB|IAA L (SUONIPUOD-PUR-SLLIBIALIOD" A 1M ARIq Ul UO//SANY) SUORIPUOD pUe SWB | 8L 88S *[5202/70/ST] uo ArigiTauliuo A8im ‘AisieAiun yoe 1-10s Bueyz Aq zgzeT 0do/TTTT 0T/I0p/L0o A8 1M Ake.q 1 |pulUO//:SANY Wo.j pepeojumod ‘€ ‘v20Z ‘ETETSLYT



¢ THE COLLEGE OF
!@ OPTOMETRISTS

«]OPO

DOSE-RESPONSE FROM DEPRIVATION

in binocular combination after 2-month short-term MD of
the amblyopic eye. Together, psychophysical methods that
measure binocular competition and combination have
shown that depriving an amblyopic eye for months (2h
per day over 2months) can bring out long-lasting bene-
fits in monocular and binocular visual functions, possibly
overcoming the issue of short-term MD effect's transience.
However, dose-response to short-term MD on each day
as a function of deprivation time has not been examined.
Doing so would elucidate the therapeutic potential and
whether its underlying mechanism involves visual adapta-
tion to low-contrast stimuli or neural changes that involve
ocular dominance plasticity.

The present study examined the dose-response to
short-term monocular deprivation by conducting a per-
ceptual test that measured binocular balance. Fifteen naive
observers with normal vision who had not been exposed
to MD previously were tested, and their non-dominant eye
was occluded for 2 h across seven consecutive days. In this
study, we specifically recruited normal observers to under-
stand better how the interocular balance of the normal vi-
sual system changes to repeated periods of short-term MD.

METHODS
Participants

Fifteen adults (mean age +SD: 25.1 + 1.03 years; two males)
with normal or corrected-to-normal vision (logMAR < 0.00)
from Wenzhou Medical University participated in our study.
Their refractive range (spherical equivalent) was between
—6.00 and +6.00D and they had no history of ocular pa-
thology or surgery. Subjects had not been exposed to MD
prior to enrolment in the study and were naive to the pur-
pose of the investigation. Written informed consent was
obtained from each participant prior to their enrolment.
This experiment was approved by the Ethics Committee of
Wenzhou Medical University (NO. 2023-053-K-45-01) and
in line with the Declaration of Helsinki.

Apparatus

The experiments were coded using MATLAB R2016b
(mathworks.com) with PsychToolbox 3.0.14%° on a MacBook
Pro (13-in., 2017; apple.com). Stimuli were dichoptically
presented with head-mount goggles that had undergone
gamma correction (GOOVIS Pro, AMOLED display; NED
Optics, goovis.net). The resolution of the organic light-
emitting diode (OLED) goggles was 1920 x 1080 pixels and
the pixels per degree of the screen was 41.6. The maximal
luminance of the goggles was 150 cd/m? and the refresh
rate was 60 Hz. Subjects were asked to perform the visual
experiment in a dark room where there was no light source
except for the computer screen and goggles.

Experimental design

The entire study involved seven consecutive days of short-
term MD for 2 h each day. This design choice was based on
previous psychophysical and neuroimaging studies on the
deteriorated response after repeated rounds of visual ad-
aptation, which has previously been assumed to underlie
the effects of monocular deprivation.?"?* Sighting domi-
nance was used to establish the non-dominant eye for
each subject using the hole-in-the-hand test.*° The non-
dominant eye of each subject was deprived of all pattern
information (i.e., contrast) using a translucent patch (made
of sulphuric acid paper) for 2h at a similar time every day.
The percentage light attenuation of the patch was 46%. A
baseline measurement of the balance point (BP) before the
short-term MD and post-deprivation measurement of the
BP was performed on the first, third, fifth and seventh days.
On the second, fourth and sixth days, subjects were asked
to deprive their non-dominant eye for 2h but not to per-
form the visual task for baseline and post-deprivation tests
(see Figure 1). For baseline measurement, each subject
completed two test sessions, from which the BP was ex-
tracted. Then, the BPs were averaged across the two tests.
Subjects were familiarised with the task before they began

Test
B Patch .@'
! | |
Baseline Patching 120 min 03612 24 48 min
measurement

—L

Days 1 2 3

FIGURE 1

4 5 6 7

The experimental design. A translucent patch that was created using sulphuric acid paper was worn on the non-dominant eye of each

subject for 2 h across seven consecutive days. Baselines and post-measurement were tested under normal viewing conditions where both eyes were

open.
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the formal test by completing one or two test blocks; the
data from the practice blocks were not used in data analy-
sis. If the difference between the two baselines was inap-
propriately large, they were asked to perform another set
of two baseline tests to make sure all subjects had stable
performance before the deprivation (i.e., <1dB). Subjects
were allowed to do any office work, such as reading and
web browsing when patched except sleeping, but they
were not permitted to engage in strenuous exercise®*! or
close their eyes for a sustained period during patching.** In
fact, all subjects were allowed to sit in the laboratory but
not leave the hospital building where the lab was located.
After the deprivation, BP was tested at six different time-
points after deprivation; specifically, these were at 0, 3, 6,
12, 24 and 48 minutes after the deprivation (see Figure 1).

Psychophysical procedure

An alignment trial and a test phase were included in the
binocular orientation combination task (see Figure 2).
Throughout the whole process, the surrounding frame,
composed of pixelated binary noise, was shown to facilitate

fusion and maintain convergence. In this procedure, since
we used head-mounted goggles to dichoptically display
the stimulus separately to the two eyes, we were able to
show different stimuli to each eye. In the alignment trial,
subjects were presented with half of a cross in each eye
(see Figure 2a). They were instructed to press the arrow
keys to adjust the two halves so that they could be joined
into a complete cross. The purpose of the trial was to align
the two dichoptic screens to facilitate fusion throughout
the psychophysical measurement. Then, during the test
phase (see Figure 2b), the gratings (more details in the sub-
section below) were dichoptically displayed for 750 ms to
both eyes. The stimulus duration was set to 0.75s to pre-
vent the onset of rivalry, from which the observer could see
one orientation in one instance and then another over time
if the stimulus presentation was indefinitely long. First, the
contrast increased from zero to its peak contrast level as a
function of a half-period sinewave. The exact value of the
peak contrast level was calculated as shown in Figure 2b.
Then, the peak contrast level was fixed for 250 ms; next,
its contrast level decreased to zero as a function of a half-
period sinewave for 250ms. Participants were asked to
report the relative orientation of the fused grating with

Orientation combination task

Dominant eye

(b)

Orientation = 4°
Contrast=6*a

ratio

Orientation = - 4°
” Contrast=0/a__*

Non-dominant eye Perceived fusion

Balanced percept

ratio

© 4 — P— P | — | — - )
DE | S [y | Sy | S | S e
~— ~— — A - —
A a— | — | — | — .
NDE | (| G | | i | | i |
L p—— - - - — — )
Contrast
ratio 1/9 1/3 13 1 V3 3 9

FIGURE 2 Binocular orientation combination task at multiple contrast ratios. (a) An alignment trial. Subjects were asked to align the right angle
images to get a complete cross at the beginning of the task. (b) One trial in the test phase. Two sinusoidal gratings with different tilt orientations (+4°)
were dichoptically shown to each eye. Subjects saw a horizontal grating when they had a binocular balance. (c) Seven contrast ratios were used in
both baseline and post-test. DE, dominant eye; NDE, non-dominant eye. @, is the interocular contrast ratio while g represents the base contrast.
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the keyboard. The contrast ratio is the ratio between the
dominant eye's peak contrast level to the non-dominant
eye's peak contrast level. If the contrast ratio is 1, then the
contrast levels of the two gratings are equal. If the contrast
ratio is greater than 1, then the contrast of the dominant
eye's grating is higher during the stimulus presentation.
Specifically, depending on the contrast ratio and the sen-
sory eye balance of the observer, the fused grating could
be tilted in a clockwise or counter-clockwise direction; sub-
jects were asked to report their perceived orientation by
pressing the left key (for clockwise) or the right key (coun-
terclockwise) after the stimulus presentation. So, the visual
task had two alternative forced choices (AFC) for each re-
sponse (i.e., 2-AFC task). After the onset of the response,
the next trial of the test phase would follow. Throughout
the task, there was pixelated binary noise in the periphery
to facilitate fusion. There were 140 trials per test block, dur-
ing which each of the seven contrast ratios was repeated
20 times. The method of constant stimuli was used to ob-
tain psychophysical data. The test block would take 3 min
to complete and yielded a robust psychometric function
and stable balance points (see Figure 4).

Stimuli

We used a binocular orientation combination task to assess
the BP at a constant spatial frequency (i.e., 0.5 c/d). Two si-
nusoidal gratings with different orientations (8° difference
between the two gratings) along the horizontal axis were
shown dichoptically; the size of the whole stimulus was
4.2°x4.2°% and the visible stimulus was a circle with a diam-
eter of 2.8° through the mask of a Gaussian filter function
(see Figure 2b). For configuration of the stimuli, the grating
shown to one eye had an orientation of +4°, whereas that
to the other eye had an orientation of —4° relative to the
horizontal axis. In the other configuration, it was flipped.
So, the orientation difference between the two gratings
was 8° which was set to promote fusion but prevent mixed
perception. For example, when both eyes were balanced,
there would be fusion, enabling the observer to perceive a
horizontal grating rather than a superimposition of the two
gratings shown to both eyes. The usage of two configura-
tions enabled us to remove the bias of specific key or po-
sitional responses from the subjects. They were randomly
set across different trials. We set the base contrast (f) at
0.28 and incorporated seven interocular contrast ratios
(@/ati0) in both the baseline and post-deprivation measure-
ments; the ratios were 1/9, 1/3, 1/4/3, 1,v/3/1, 3/1 and 9/1 (see
Figure 2c). Prior to collecting data, we made sure that the
stimulus was shown clearly at all ratios from the goggles.

Data and Statistical Analysis

The purpose of the data analysis was to translate the key re-
sponses from the subjects to a BP, where both eyes would

contribute equally to binocular vision at a certain contrast
ratio. To do so, we converted the contrast ratios into a log
scale to assume symmetry between eyes:

a4 = 20 x |0910(aratio>

where the contrast ratio is

QXratio = E'
ANDE
DE and NDE refer to the dominant and non-dominant eye,
respectively.

Next, we fitted a psychometric function with a cumu-
lative logistic function, whose y-axis was the probability
of the dominant eye's response from the subjects and
the x-axis was a series of contrast ratios in log units (see
Figure 3a). Using the Palamedes toolbox (Psychophysics
Toolbox Version 3, psychtoolbox.org),43 we estimated the
BP, which is the contrast ratio that yielded a perfect bin-
ocular balance. If the sensory eye balance tilts towards
the non-dominant eye (i.e., patched eye), then BP will be
positive. Conversely, if the BP is negative, the eye balance
is in favour of the dominant eye. To capture the effect of
changes in ocular dominance after short-term monocu-
lar deprivation, we subtracted the post-deprivation mea-
sures from the average of the two baseline results for each
subject on each day. Positive differences indicate that the
non-dominant eye's dominance had increased after the
deprivation. Using the differences, we computed the area
under the curve (AUC in units dB x min; see Figure 3b) from
a function that showed the difference of ocular dominance
over the six timepoints after the deprivation. AUC captures
both the size and duration of the changes in eye domi-
nance after patching the non-dominant eye.

We used the Shapiro-Wilk test to examine whether the
data set was normally distributed and the Spearman test
to perform correlation analysis of a non-normally distrib-
uted data set. A Bland-Altman plot was used to test the
consistency and repeatability of two quantitative data sets.
We also performed a one-way, repeated measures analysis
of variance (ANOVA) with the effect size calculated as ;12 to
compare the changes in dose-response across days. The
above statistical analytic procedures relied on the rstatix
package in R software*” (--project.org). To further verify the
results, we used a Bayesian approach to perform a one-way
repeated measures ANOVA using JASP 0.17.1 (jasp-stats.
org). The test reported a Bayes factor (1 which is the
ratio of marginal likelihoods between the null and alterna-
tive hypotheses. The higher the BF ., the more robust the
evidence for the null hypothesis.

ov

RESULTS

In this study, we used an orientation combination task
with seven contrast ratios to quantify binocular balance.
We examined the test-retest reliability and repeatability
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function was used to fit this psychometric curve. The y-axis represents the probability (P) of the binocular percept to be the dominant eye's (DE)
percept. The x-axis represents the contrast ratio of stimuli shown to both eyes. The balance point (BP) indicates the point where the two eyes had
equal contribution in binocular combination. (b) Area under the curve (AUC). Each point represented the change in BP value at different timepoints
after patching. The curve referred to the connection of six points. The specific AUC value was calculated by the sum of five divisible trapezoidal areas
under the curve. The y-axis refers to the magnitude of changes in eye balance (dB) after patching normalised to baseline. The larger the AUC, the

greater the perceptual change within 48 min.
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FIGURE 4 Test-retest reliability and repeatability of the task. (a) The correlation plot from Day 1's baseline data. The R-value measured the
strength and direction of the correlation, which showed a strong and positive correlation between the two baselines using Spearman correlation
analysis. (b) The Bland-Altman plot from Day 1's baseline data. The upper and lower dashed lines represent the range of variability between the two
baselines. The middle-dashed line represents the mean difference between the two baselines and the grey-shaded area shows the 95% confidence

interval of the difference based on a one-sample t-test from zero.

of the binocular orientation combination task using the
baseline data from Day 1. To examine the test-retest re-
liability, we conducted a Spearman correlation analysis
because our preliminary statistical procedures, such as
the Shapiro-Wilk test, revealed that the two baseline
data sets on Day 1 were not normally distributed (all p-
values < 0.05). The Spearman test revealed a strong corre-
lation between the two baseline measurements (R=0.79,
p <0.001; see Figure 4a). This indicates that the baseline
measurement from the first session was able to predict
that from the second session, highlighting the reliability
of the behavioural task. To address the test-retest repeat-
ability of the task, we performed an analysis that involved

a Bland-Altman plot, which shows the mean difference
between the two baseline data sets (middle dashed line;
—0.014dB) in the form of a horizontal dashed line (see
Figure 4b) and the 95% confidence interval of the mean
differences (i.e., limits of agreement) between the two
sessions. The upper and lower limits were obtained by
calculating the mean difference +1.96 x standard devia-
tion of the difference. The larger the limits, the wider the
measurement variability. Our analyses indicated that the
range was small (between —0.333 and 0.304 dB), demon-
strating that the task was reliable for baseline measure-
ment. The shaded grey region was calculated from the
95% confidence interval derived from a t distribution for
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the given sample size and alpha value.** In other words,
if 0 and the shaded region overlap, as shown in Figure 4b,
there was no systemic bias between the two baseline
sessions. However, despite the reliability of the task as
shown by the data from the two baseline sessions, it is
important to point out that this reliability would not be
generalised to the measurement of the short-term MD
effect because only one test session was performed for
each timepoint after patch removal.

Next, we wanted to examine whether the dose-
response, which is defined as the change in binocular
balance after short-term MD in this study, was repeatable
across days. The binocular change on each day was com-
puted as the difference in eye balance before and after
each day's short-term MD (see Figure 5). The change in eye
balance was calculated at six different timepoints using a
log scale. Figure 5 shows that the change in eye balance
reached about 2 dB immediately (i.e., 0 min) after patch re-
moval and then gradually decreased to the near baseline
over time. A change of 2dB means that the previously de-
prived eye became more perceptually dominant by a linear
factor of 1.26 to binocular combination. Also, we investi-
gated whether the baseline before each short-term MD was
significantly different across 4 days (see Figure 6a) using a
one-way repeated measures ANOVA, which revealed no
significant difference (F3,56=1.16, p=0.34, ;12=0.06). The
baseline values remained stable over the 7days of daily
deprivation. Interestingly, baseline data on Day 5 were very
close to 0dB compared to those on other days, indicating
that most subjects showed a stable binocular balance be-
fore short-term monocular deprivation. There was an in-
creasing trend of the baseline from Day 1 to 5, showing a
tendency for the baseline balance to improve across days.
However, the baseline became more imbalanced on Day 7.

One way to characterise the dose-response is the imme-
diate deprivation effect, which is the degree of perceptual
change immediately (i.e., 0 min) after patch removal (the

first point on each day in Figure 5). According to a one-
sample t-test, we observed that there was a significant
shift in eye balance relative to zero, that is, instantly after
the deprivation (all p's<0.05; see Figure 6b). Moreover, a
one-way repeated measures ANOVA did not show a sig-
nificant difference in the degree of immediate shift in eye
balance across days (F3,56 =1.07,p=0.37, r]z =0.05). This find-
ing shows that there was no deterioration in the immedi-
ate perceptual response after repeated short-term MD. We
also showed the absolute eye balance immediately (i.e.,
0 min) after patch removal (coloured points in Figure 6b).
Another way to identify the dose-response is to monitor
the rate at which the perceptual change dissipates after
patch removal; we refer to this as the recovery rate.* % In
our analysis, the recovery rate was captured using simple
linear regression between changes in sensory eye balance
(dB) and time points in log scale (dashed lines in Figure 5).
The goodness of fit of linear regression on the averaged
data is shown for each day in Figure 5. The recovery rate
was entirely negative and significantly different from zero
based on a one-sample t-test (all p's <0.05; see Figure 6¢).
However, we found that the recovery rate remained con-
sistent across days based on a one-way repeated measures
ANOVA (F3156=0.82, p=0.49, r]2=0.04). Together, both the
immediate perceptual shift after deprivation and the rate
of recovery remained similar across days. If there was per-
ceptual deterioration in the dose-response, we would have
observed a decrease in the immediate effect and an in-
creasingly faster recovery rate as a function of days.
Finally, we performed a trapezoidal integration using
values (dB) that represent perceptual changes after the
deprivation across time on each day to capture both the
degree and duration of the deprivation effect on each
day (i.e., area under the recovery curve on each day; see
Figure 6d). This area measure could also be referred to as
dose-response with the dimensions of magnitude and
time. An AUC of 0 would indicate no change in eye balance

Recovery of the perceptual change

2 25
> 7 Day 1 Day 3 Day 5 Day 7
Q 2.0 { ¢ . _
315 O~ >
5. ®¢ | | ¢ '
<
310, 3O, 1 % 1T 4 -
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= 0.0 y=-0.22x +1.39 { y=-0.27x+1.60 ly=-0.16x +1.35 ly=-0.27x+1.62
o 0 3 6122448 0 3 6122448 0 3 6122448 0 3 6122448
Minutes after monocular deprivation
FIGURE 5 Averaged results of 15 observers. The points represent the perceptual change at different time points in log scale after short-term

monocular deprivation on each test day. When the y-axis is 0, this represents no change in eye balance after the deprivation. The black dashed lines
represent the linear regression for the averaged data from each day. The error bars indicate standard errors.
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FIGURE 6 The baseline and dose-response from short-term monocular deprivation (MD) across days. The panels represent three different ways
to show the dose-response. (a) The baselines before short-term monocular deprivation across days. The points represent the individual's data. The
grey line with a y-axis of 0 indicates binocular balance. The negative balance points mean that the eye balance is in favour of the dominant eye. (b)
Immediate effect in sensory eye balance after patching in a graph. The coloured points represent the absolute immediate eye balance point 0 min
after patching. The bars represent the averaged shift in sensory eye balance at 0 min after patching across subjects. (c) The rate of decay of changes
in sensory eye balance after short-term monocular deprivation (i.e., recovery rate). The points represent the averaged slopes of the changes in eye
balance after deprivation across participants on different test days. (d) Area under the curve (AUC). The coloured points represent the average AUC
across all subjects. The grey plots represent each individual's AUC. Error bars indicate standard errors. The x-axis of each figure represents the number

of total patching days. *p <0.05, **p <0.01, ***p < 0.001.

after the deprivation across the six different time points
(0-48 min), relative to the baseline balance that was mea-
sured before patching. To begin with, we performed a
one-sample t-test to examine statistically whether each
day's AUC was significantly larger than zero; the test re-
vealed that all AUCs were significantly different from zero
(all p's<0.05). Subsequently, we conducted a one-way
repeated measures ANOVA to see if the AUCs were sig-
nificantly different across days; it revealed no significant
difference (F3'56=0.83, p=0.49, ;72=0.04; see Figure 6d). In
the Bayesian method, the larger the Bayes Factor (BFy,),
which represents the ratio of the probability between
the null and alternative hypotheses, the greater the likeli-
hood that the null hypothesis is correct. Therefore, unlike
the frequentist method that reports a p-value, which does
not support the null hypothesis by its own definition, the
Bayesian counterpart can statistically support the null hy-
pothesis rather than merely rejecting it. The test revealed

that BF,,=4.31, which provides robust evidence for the null
hypothesis.*® Using the AUCs, we also performed a post-
hoc power analysis, which revealed that a sample size of
337 would be required between Day 1 and Day 7 to show
a statistically significant difference (power=80%, a=0.05)
based on the two-tailed significance level.* This in turn
suggested that the likelihood of showing significant dif-
ferences between the AUCs across days was small. In sum,
the dose-response in the form of AUC remained stable and
consistent as a function of the deprivation sessions.

DISCUSSION

We explored the features of the dose-response to re-
peated periods of short-term MD in normal-sighted adults.
Previously, we indicated that the short-term MD effect
has been thought of as either ocular dominance plasticity
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or visual adaptation to a low-contrast visual stimulus.
Some have categorised it as the latter'® because there are
similarities between short-term MD and contrast adapta-
tion: the dynamics of the effect after a single period of
short-term MD and removal of contrast during short-term
MD. A key characteristic of contrast adaptation is percep-
tual deterioration, causing different magnitudes of sen-
sory changes after adaptation depending on recent prior
experience of the observer. For instance, if the observer
had experienced a cluster of repeated adaptation peri-
ods to the same stimulus for consecutive days, then the
adaptation effect could gradually diminish.?* Resolving
whether the effect of short-term MD shows perceptual
deterioration is important for two reasons. First, doing so
clarifies its therapeutic potential because administering
short-term MD in the clinic for visually imbalanced popu-
lations, such as those with amblyopia, inevitably results in
prescribing daily episodes of short-term MD across weeks
or months. Whether its efficacy decreases after repeated
periods of short-term MD should be known before short-
term MD is incorporated into clinical settings. Second, it
bears upon whether ocular dominance plasticity is simply
a class of contrast adaptation or something unique. The
former has been shown to exhibit perceptual deteriora-
tion in the form of reduced responses.?’** We show that
there is a comparable dose-response to short-term MD
across the 7 days of this study, suggesting that the effect
of short-term MD is most likely a unique phenomenon
due to ocular dominance plasticity rather than a reflec-
tion of contrast adaptation.

There has been some controversy as to whether the ef-
fect of short-term MD (i.e., ocular dominance plasticity) and
contrast adaptation from long-term exposure to a high- or
low-contrast environment involve the same underlying
neural substrate.?’ If they do, then perceptual responses
after repeated episodes of short-term MD should wane
over time in line with what is known about contrast adap-
tation.?’ 23 As previously mentioned, similarities are their
dynamics from single sessions and the fact that they both
involve the removal of contrast to one eye. Also, there are
some differences between the two phenomena.20 First, the
effect of short-term MD has lowpass spatial dependence;
this means that the removal of low-spatial frequency in-
formation does not drive the effect of short-term MD.*°
However, contrast adaptation shows tuning for spatial fre-
quency; if contrast adaptation is performed using a stimu-
lus at a low spatial frequency, then the change in detection
threshold will be observed at low but not high spatial fre-
quencies. They also have mechanistic differences. Contrast
adaptation is a binocular process, whereas the effect of
short-term MD is a reciprocal process that affects the eyes
differently; if one eye is adapted to a low-contrast stimulus,
then its boost in sensitivity will also be seen to a lesser ex-
tent in the other, unadapted eye.51 This is known as interoc-
ular transfer because the adaptation effect transfers to the
non-adapted eye, and it reflects a binocular mechanism.
Electrophysiological and psychophysical evidence shows

that there is a reciprocal change between the eyes after
short-term MD.2""? The deprived eye's sensitivity, weight
in binocular vision and neural signal become stronger,
whereas those of the non-deprived eye get weaker after
short-term MD. Furthermore, unlike contrast adaptation,
the effect of short-term MD does not show orientation
selectivity. For example, deprivation in the vertical orien-
tation also boosts the deprived eye's contribution when
measured with stimuli in other orientations.”®> However,
after visual adaptation to a low-contrast stimulus with a
vertical orientation, the sensitivity for vertical orientation
will increase but not in the horizontal orientation.'”” Our
results show that the dose-response in ocular dominance
plasticity is stable across time, further demonstrating that
ocular dominance plasticity and contrast adaptation are
different, and likely have different underlying neural bases.

The finding that there is a consistent and comparable
change in ocular dominance across 7days of short-term
MD provides a basis on which it could be used clinically
for patients with imbalanced ocular dominance. A signifi-
cant degree of binocular imbalance can impair hand-eye
coordination,”* reading®° and depth perception.”” There
are multiple visual conditions that exhibit binocular imbal-
ance, such as those associated with asthenopic symptoms
(i.e., the dissociative visual disorders),'>* as well as sensory-
motor imbalance associated with symptoms of sore eyes,
eye strain and headaches with a prevalence rate of 70%.>
A less common condition where this approach would have
a more direct application is in amblyopia (4%), where the
ocular dominance is so imbalanced that vision only occurs
through one eye when both eyes are open.®*~%2 Some pre-
liminary attempts have been made at using daily short-
term MD as a new therapeutic intervention to alleviate
binocular imbalance in these visual conditions, specifically
amblyopia because it has the most severe imbalance.**®
This is of particular interest because it is directly opposite
to the presently accepted therapy for amblyopic children,
which has been in common practice for over 200years.®® In
fact, standard patching therapy is still associated with high
recurrence (24%)* and low compliance rates>® because it
forces the amblyopic children to interact with their visual
world through their poorer eyes, potentially increasing the
associated discomfort®* and psychosocial distress.®® Short-
term MD, however, involves depriving the worse eye, to
boost its contribution to binocular vision, while keeping
the fellow eye open. Previous studies have demonstrated
that monocular and binocular visual benefits from short-
term MD (i.e., depriving the worse eye) over 2 months can
be long-lasting®?® in adult amblyopes, demonstrating
long-term benefits in rebalancing the eyes via ocular dom-
inance plasticity. If short-term MD is introduced for binoc-
ularly imbalanced individuals with amblyopia and other
visual conditions, it would be helpful to know the pattern
of the short-term MD effect after each period of depriva-
tion. This study provides, at least in the case for normal
human observers, evidence that each daily dose of short-
term MD has no less potency across time.
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In a previous study,” we reported a weak but insig-
nificant deterioration in normally sighted observers over
5days of short-term monocular deprivation using a phase
combination task. However, in light of the present results,
we feel that this previously small effect could have been ar-
tefactual. First, most participants in the previous study had
already been subjected to short-term monocular depriva-
tion on multiple occasions. Hence, whether they had the
same starting point in the dose-response curve could not
be resolved based on the experimental design. Second,
the number of short-term MD sessions was different be-
tween the previous and current studies. In the former, 2h
of MD was introduced for 5days, whereas 2h of MD was
completed for 7days in the current study. Third, the non-
dominant eye, rather than the dominant eye, was deprived
in this study. This design of depriving the non-dominant
eye ensured less saturation of the perceptual response to
short-term MD. Since it is widely believed that homeostatic
plasticity underlies ocular dominance plasticity by dynam-
ically promoting stability,’® it seems reasonable to assume
that the extent to which ocular re-balancing occurs will
be less affected by a ceiling limitation using the present
design (deprivation of the non-dominant eye). Although
ocular dominance was determined qualitatively using the
hole in the hand test (i.e., sighting dominance rather than
sensory eye dominance), their state of ocular dominance
was consistent across the qualitative and quantitative ori-
entation tests in 11 out of 15 subjects. As for the four re-
maining subjects, the orientation task revealed that their
sensory eye balance was very close to zero, indicating a
near-perfect binocular balance.

Although not statistically significant, we did find that
the effect of short-term MD on Day 5 was slightly lower
than that from other days. For instance, the immediate
short-term MD effect was lowest on Day 5 (Figure 6b),
whereas the recovery rate was highest on Day 5 (Figure 6¢),
indicating that the rate of decay was the slowest. Finally,
the integrated short-term MD effect over time (Figure 6d)
was the lowest on Day 5. According to our baseline data
(Figure 6a), the binocular balance was close to zero (i.e.,
perfect balance) on Day 5. The effect of short-term MD has
been thought to drive neural changes in the primary visual
cortex through homeostatic plasticity,°°"°® which limits
perturbation of the homeostatic status. It could be that the
magnitude of changes in ocular dominance was smallest
when there was a near-perfect binocular balance before
short-term MD.

To summarise, we measured the daily dose-response
from short-term monocular deprivation in normally sighted
observers across 1 week. We observed that the dose-
response was sustained after repeated short-term MD. We
found no evidence of any perceptual deterioration unlike
that previously shown for contrast adaptation. Therefore,
these findings, in terms of clinical translation, warrant a
future study that will measure the daily dose-response of
visually impaired patients for short-term MD. An examina-
tion of the dose-response to short-term MD in a clinical

population over a longer period of time (i.e., months) is
needed for binocular balance, fusion and stereopsis.
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