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Abstract

Purpose: It’s been shown that intensive monocular perceptual learning can improve visual
acuity, contrast sensitivity, and vernier acuity in the amblyopic eye in adults with amblyopia. It is
however not clear how much monocular training can enhance binocular visual functions. In the
current study, we aimed to evaluate effects of monocular training on a variety of binocular
functions.

Methods—Nineteen anisometropic amblyopes (18.5+1.26 yrs) were trained in a grating contrast
detection task near each individual’s cutoff spatial frequency for 6 to 10 days (630 trials/day).
Visual acuity, stereoacuity, monocular and binocular contrast sensitivity functions (CSF),
binocular phase combination and binocular rivalry were tested before and after training.

Results—Training substantially improved contrast sensitivity at the trained spatial frequency (by
67.8%) and a wide range of untrained spatial frequencies (84.0% on average), logMAR acuity
(from 0.51 to 0.34; about 2 lines) in the amblyopic eye, and stereoacuity from 929.1” to 80.4”.
Training also significantly improved the dominance duration of the amblyopic eye (from 9% to
15%) in binocular rivalry through elongation of each dominant phase without changing switching
frequency between the two eyes. On the other hand, training didn’t significantly improve the ratio
of the areas under CSF between binocular and monocular (fellow eye) viewing (1.16 vs 1.11,
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p>0.1) and the interocular balance point, i.e. the contrast ratio at which the two eyes contribute
equally to binocular phase combination (0.14 vs 0.16, p>0.10). There was no significant
correlation between improvements in visual acuity, stereoacuity, and binocular rivalry.

Conclusions—Although monocular training can improve visual acuity and contrast sensitivity
and eye dominance of the amblyopic eye, the magnitudes of improvements didn’t correlate with
each other; the impact of monocular training on binocular phase combination was not significant.
The results strongly suggest that structured monocular and binocular training is needed to fully
recover deficient visual functions in anisometropic amblyopia.

Introduction

Amblyopia, a type of visual degradation in the absence of any detectable structural or
pathologic ocular abnormalities, affects 2-4% of the population!=3. Caused by abnormal
visual experience during development, it leads to many spatial vision deficits, including
decreased visual acuity, vernier acuity, contrast sensitivity, and motion sensitivity*-10,
Although most studies have focused on monocular deficits in the amblyopic eyell-16,
amblyopia is intrinsically a binocular disorder. The imbalance between the two eyes during
abnormal development affects the visual pathway associated not only with the amblyopic
eye but also the fellow eyel”=20. Many studies have documented abnormal binocular vision
in amblyopia, including abnormal binocular combination!”: 21-24 interocular
interaction2 13 and stereopsis2®. Several studies have concluded that the degree of
binocularity is a good predictor of the abnormalities in monocular tasks?6-2°, Several
theoretical studies found that the observed abnormalities in binocular phase and contrast in
anisometropic amblyopia can be explained by a combination of both monocular and
binocular deficits39-32. Specifically, Huang et al (2010) concluded that deficits in binocular
combination in observers with anisometropic amblyopia were caused by attenuated
monocular signal in the amblyopic eye, stronger interocular contrast gain control from the
fellow eye to the signal in the amblyopic eye (direct interocular inhibition), and stronger
interocular contrast gain control from the fellow eye to the contrast gain control signal from
the amblyopic eye (indirect interocular inhibition). These results suggest that both
monocular and binocular functions must be examined when evaluating visual deficits and
treatment outcomes in amblyopia.

In clinical practice, amblyopia is treated as a monocular disorder, with occlusion or
penalization of the fellow eye as the most popular treatment choice33. Although such
monocular treatments can recover visual acuity in the amblyopic eye for about 2/3 of the
patients and improve stereoacuity to some degree2>: 34, several other visual functions remain
deficient in clinically treated amblyopia (defined as 20/20 vision in the amblyopic eye
following treatment), including contrast sensitivity at high spatial frequencies? 7 1535 and
eye-hand coordination36. These existing results suggest that traditional treatments focusing
on monocular deficits in the amblyopic eye cannot fully restore deficient monocular and
binocular functions.

Recently, a number of perceptual learning paradigms have been developed to improve visual
performance of observers with amblyopia. Many have focused on monocular training in the
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amblyopic eye, including vernier offset discrimination3’- 38, contrast detection with
flankers3%-41, contrast detection at the cutoff spatial frequency??, contrast

discrimination%: 42 video game“3, and de-suppression#4, and found that monocular training
significantly improved visual acuity in the amblyopic eye. A few studies evaluated the
relationship between the magnitudes of visual acuity improvements in the amblyopic eye
and enhancement of binocular vision measured in terms of stereoacuity, interocular
suppression, lateral interactions and Gabor grating resolution under dichoptic

viewing#! 45-48 hut found no significant correlation. One study*® found a significant
correlation between the magnitudes of the improvements in contrast sensitivity and
binocular combination following monocular training in contrast detection.

Most recently, there have been growing interests in binocular training methods for
amblyopia. Studies have evaluated the effects of stereo training®’, dichoptic training®®, and
virtual reality training®! on monocular visual acuity and contrast sensitivity and binocular
functions. It has been shown that, although monocular visual functions such as visual acuity
improved through binocular training, the magnitudes of monocular and binocular
improvements were not significantly correlated#2 43. 52, Taken together, results from the
perceptual learning studies suggest that both monocular and binocular training are necessary
in amblyopia treatment, and monocular and binocular visual functions must be
systematically evaluated to fully characterize the efficacy of any training paradigm.

In this study, we systematically investigated the effects of monocular contrast detection
training in the amblyopic eye on a variety of monocular and binocular functions, including
visual acuity, stereoacuity, monocular and binocular contrast sensitivity functions (CSF),
binocular phase combination, and binocular rivalry. Our aim was to directly test the effects
of monocular training on both monocular and binocular functions and evaluate the
relationship between improvements of monocular and binocular functions following
monocular amblyopia treatment. The observers in our study had stronger imbalance between
the amblyopic and fellow eyes than those in Chen et al., (2016). We found that although
monocular training improved visual acuity, contrast sensitivity and eye dominance of the
amblyopic eye, the magnitudes of improvements didn’t significantly correlate with each
other; the impact of training on binocular combination was not significant.

2.1 Subjects

Nineteen subjects (18.5£1.26 yrs) with anisometropic amblyopia participated in the study.
Detailed characteristics of the subjects, including age, sex, optical correction, corrected
visual acuity, stereoacuity, and interocular balance point in binocular phase combination (see
below for details) are listed in Table 1. All subjects were referred to the study from the
ophthalmology/optometry clinics in the People’s Hospital of Guangxi Zhuang Autonomous
Region, were naive to psychophysical experiments, and underwent at least 16 weeks’
spectacle treatment prior to the study. Written informed consent was obtained from each
subject and/or their guardians/parents after explanation of the nature of the study. The
experimental protocol was approved by the Institutional Review Board of the Institute of
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Psychology, Chinese Academy of Sciences. This study adhered to the tenets of the
Declaration of Helsinki.

2.2 Apparatus

All stimuli were generated using a computer running Matlab 8.0 based on Psychtoolbox
extensions 3.038 39 and presented on a gamma-corrected Sony G220 color monitor (21 inch,
P22 phosphor; Sony, Tokyo, Japan) with a spatial resolution of 1600%1200 pixels and a
refresh rate of 85 Hz. A special circuit was used to produce 14-bit gray-level resolution33.
The mean luminance of the display was 28.3 cd/m2. A chin rest was used to constrain head
movements during the experiment. The stimuli were centrally displayed in a dimly light
room at a distance of 1.38 m.

2.3 Battery of tests

The following tests were administered before and after monocular contrast sensitivity
training at each individual subject’s cutoff spatial frequency.

2.3.1 Monocular visual acuity—Monocular visual acuity (\VA) was measured in both
the amblyopic and fellow eyes using a Chinese Tumbling E chart (decimal chart)>* and
specified as LogMAR®. The untested eye was covered by an opaque patch.

2.3.2 Monocular and binocular contrast sensitivity functions (CSF)—We used
the quick CSF>6 procedure to measure the contrast sensitivity function in the amblyopic and
fellow eyes, and under binocular viewing. The quick CSF method (QCSF) was developed by
Lesmes et al. (2010) to accurately estimate contrast sensitivity function with greatly reduced
testing times (e.g., 50 trials in a 2IFC task®®). As shown in Figure 1, the quick CSF method
characterized the CSF with a truncated log parabola function®’-59: peak gain (CS40), peak
spatial frequency (7;), truncation in the low spatial frequencies (), and bandwidth (full-
width at half-maximum, B). Different combinations of parameter values were assigned initial
probabilities, creating a four-dimensional probability density function (pdf). The pdfwas
updated using Bayes rule based on subject’s response in each trial®6: 69, The spatial
frequency and contrast of the stimulus in the next trial is chosen from all possible
combinations of spatial frequency and contrast conditions such that the expected outcome
will result in greatest information gain on the padf.

In the current implementation of the quick CSF procedure, the stimuli were 2.5°%2.5°
vertical sine-wave gratings. To minimize edge effects, a half-Gaussian ramp (o=0.25°) was
added to the edges of the gratings to blend them into the background. The test procedure was
exactly the same as that described in previous researches%°6, Briefly, the stimulus space
consisted of gratings with contrasts ranging from 0.1% to 99% in steps of 1.5 dB and spatial
frequencies from 0.5 to 16 cycles per degree (c/deg) in steps of 3 dB. The estimated CSF
was obtained after 100 quick CSF trials. Each trial consisted of an initial 294 ms fixation in
the center of the display and two 153 ms stimulus intervals separated by an inter-stimulus
interval (IS1) of 588 ms. A brief tone signaled the onset of each interval. The grating was
only presented in one of the two intervals. Subjects were asked to indicate the interval that
contained the grating using the computer keyboard. No feedback was provided.
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Two indexes, the area under contrast sensitivity function (AUCSF) and cutoff spatial
frequency (coSF), were derived from the estimated CSFs. AUCSF was calculated by
integrating the CSF over spatial frequency from 0.5 to 16 c/deg; Cutoff frequency was
defined as the spatial frequency that corresponds to a contrast sensitivity of 2.5 which
corresponds to a contrast threshold of 0.40. Following tradition, we termed the ratio in the
area under CSF (AUCSF) between the binocular and the fellow eye’s CSF’s as binocular
summation ratio?!: 61, Previous studies showed that the binocular summation ratio is about
1.4 in normal subjects®l, and near 1.0 in patients with amblyopia®2.

2.3.3 Stereoacuity—Stereoacuity was assessed with the Fly Stereo Acuity Test that
consisted of 10 circles ranging from 400 to 20 arcsec (Fly Stereo Acuity Test; Vision
Assessment Corporation, IL). We administered the tests according to the manufacture’s
guidelines. Subjects looked directly at the test material at a viewing distance of 40 cm. They
started the task with the easiest fly of 4800”, and moved to more and more difficult
conditions. In the test, subjects were asked to report which circle was out of the plane of the
other three (zero plane). After normal test procedure, the materials were rotated 90 degrees
and displayed to subjects to ensure that the judgments were based on stereo perception.

2.3.4 Worth 4-dot test—The Worth 4-Dot test was used to assess sensory eye
dominance. Subjects wore anaglyph glasses with the red filter over the right eye and the
green filter over the left eye. They were instructed to fixate on the Worth 4-Dot target
(diameter=8.5 mm; 2 green, 1 yellow, 1 red with equal luminance, with the yellow dot at the
bottom) while it was held slightly below the participant’s line of sight at a distance of 33 cm.
The eye dominance was qualitatively determined based on the perceived color of the yellow
dot. Subjects were asked to first report the number of dots they perceived and then make a
three-alternative, forced-choice decision about whether the bottom dot appeared yellow
(equal dominance), red (right eye dominant), or green (left eye dominant). To minimize bias,
we flipped the red/green anaglyph glasses and repeated the test. The dominance index was
determined based on the scores in the two tests: 0 means equal dominance, 1 means partial
dominance, and 2 means full dominance. The test took about 3~5 minute for each subject.

2.3.5 Binocular phase combination—To quantify binocular interaction between the
two eyes, we adopted the suprathreshold cyclopean phase combination paradigm?2: 6364,
The test stimuli consisted of two monocular horizontal sine-wave gratings of 1.0 c/deg, each
subtending 2x2 deg? at a viewing distance of 1.38 m that differed in phase by 45 deg. The
contrast of the grating in the amblyopic eye C4 was fixed at 50%. The contrast of the grating
in the fellow eye varied systematically, with interocular contrast ratio C4 C4€[0, 0.1, 0.2,
0.4, 0.8, 1]. A stereo-scope was used to direct the two images to the two eyes. To assist
binocular fusion, the grating in each eye was placed in the center of a large (6x6 deg?), high-
contrast frame with clearly marked white diagonals (Figure 2). Subjects were asked to adjust
the stereoscope to fuse the frames, the fixation crosses, and the monocular fixation dots in
the beginning of the experiment. They were instructed to check fusion before each trial and
only initiate the test when it was stable. A total of 96 trials were used in each test, allocated
to the 12 conditions (6 interocular contrast ratios x 2 phase configurations) with 8 repetitions
per condition.
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Each trial began with the presentation of the binocular fixation crosses, the high contrast
frames, and the monocular fixation dots. This was followed by a 500 ms presentation of the
frames, and then sine-wave gratings in the two eyes. Subjects were asked to adjust the
location of the horizontal reference line to indicate the perceived phase of the cyclopean
sine-wave grating, defined as the location of the center of the dark stripe of the grating, and
press the “Enter” key after they finished the task. Each trial was followed by a 1-sec blank
display. A typical trial lasted about 5 seconds.

The procedure was used to generate the “PvC” curve, i.e., the perceived phase of the
cyclopean grating versus the contrast ratio of the gratings in the two eyes (Figure 2c). Since
gratings in the two eyes were in opposite phase (£22.5), a perceived 0 deg phase of the
cyclopean grating signaled equal contributions from the two eyes during binocular
combination. We thus defined the interocular contrast ratio at which the perceived phase was
zero as the interocular balance point (IBP) of the subject. The lower the IBP is, the more
severe the imbalance between the two eyes. A IBP of 0 indicates full dominance of the
fellow eye and a IBP of 1 indicates perfect balance of the two eyes.

2.3.6 Binocular rivalry—The rivalry stimuli consisted of two orthogonal sinewave
gratings (+45 degrees) at 40% contrast, each subtending 3x3 deg? (0.25 deg half-Gaussian
ramp + 2.5 deg plateau), and viewed dichoptically through a stereo-scope. To help fuse the
dichoptic gratings at corresponding retinal points in the two eyes, a high-contrast frame of
small open squares was used (Figure 3). The center fixation dot (56.6 cd/m?) was displayed
throughout the experiment. There were 8 trials, allocated to two frequencies, 1 c/deg and the
cutoff spatial frequency before training. In each trial, subjects viewed the dichoptic gratings
for 120 seconds and reported their dominant percept by pressing one of two keys to indicate
the perceived grating orientation. The detailed time stamps of all dominant phases were
recorded. The ratio between the total durations (collapsed across trials) of dominance of the
amblyopic and fellow eyes was used to index the degree of rivalry between the two eyes. A
dominance ratio of 0 means complete dominance of the fellow eye and 1 means equal
dominance between the two eyes. The number of switches between the two eyes was also
recorded. Trials for different spatial frequency conditions were intermixed.

2.5. Training

Each subject was trained monocularly in the amblyopic eye near his/her cutoff spatial
frequency, defined as the spatial frequency at which the contrast threshold from the pre-
training CSF measurement of the amblyopic eye was 0.4. Similar to the CSF test, each
training trial started with an initial 294 ms fixation in the center of the display and followed
by two 153 ms stimulus intervals separated by an inter-stimulus interval (1SI) of 588 ms. A
brief tone signaled the onset of each interval. The grating was only presented in one of the
two intervals. Subjects were asked to indicate the interval that contained the grating. An
auditory beep followed each correct response. In each session, there were 630 trials,
allocated in 7 blocks with 90 trials/block. Training lasted 6~10 sessions (6 sessions for 1
subject and 8~10 sessions for all other subjects), leading to a total of 3780~6300 trials. A 3-
down 1-up staircase was used to keep subjects’ performance around 79.4% correct, in which
three consecutive correct responses resulted in a 10% decrease of grating contrast (i.e.
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Cr+7=CX90%) and a single incorrect response resulted in a 10% contrast increase (i.e.
Crr7=Cx110%).
3 Results

3.1 Monocular functions: contrast sensitivity and visual acuity

Training significantly improved contrast sensitivity at the trained spatial frequency in the
amblyopic eye, from 2.5 to 9.46, an improvement of 278.4% (t(18)=18.85, p<0.01). For the
average subject, the learning rate was 0.65 log10 contrast sensitivity per log10 session
(R%=0.97, p<0.01).

Training at the cutoff spatial frequency also significantly improved contrast sensitivity at
other untrained spatial frequencies (F(1,5)=3.66, p<0.01) in the amblyopic eye. The Area
Under CSF (AUCSF) increased from 8.41+1.09 (meanzS.E.) to 15.48+1.61 after training
(t(18)=8.45, p<0.01). The cutoff spatial frequency also increased from 7.86+0.88 to
13.19+1.25 c/deg (t(18)=8.78, p<0.01).

Contrast sensitivity in the untrained fellow eye also increased (F(1,5)=2.22, p=0.05), with
AUCSF increased from 21.67+2.2 to 25.29+1.72 (Figure 5A). The cutoff spatial frequency
in the fellow eye didn’t change significantly (from 19.85+2.1 to 22.23+1.55 c/deg (Figure
5B), t(18)=1.99, p=0.06).

The magnitude of AUCSF improvement was greater in the amblyopic eye than that in the
fellow eye (F(1,18)=24.26, p<0.01), and there was a significant interaction between
interocular improvement and training effect (F(1,8)=9.31, p<0.01). The magnitude of cutoff
spatial frequency improvement was also greater in amblyopic eye than that in the fellow eye
(F(1,18)=26.98, p<0.01) and the interaction also exist between interocular improvements
and training effect (F(1,18)=7.28, p<0.01).

Consistent with previous studies using the cutoff spatial frequency training method40: 42,
visual acuity in the amblyopic eye also significantly improved, from 0.51 (logMAR) to 0.34
(Figure 5C; t(18)=10.53, p<0.01) on average, an improvement of about 2 lines. Visual acuity
in the fellow eye also significantly improved (though mild), from —0.05 logMAR to -0.08
(t(18)=3.36, p<0.01) on average. The regression line (/2= 0.94, p < 0.01) had a slope of
0.79, indicating that the worse the initial acuity was, the greater the improvement#. 65,

3.2 Binocular functions

Stereoacuity.—After about 8 days of monocular training in contrast detection in the
amblyopic eyes, stereo threshold decreased remarkably from 929.11” to 80.42” (Figure 6A;
t(18)=2.17, p<0.05).

Dominance Ratio in Binocular Rivalry.—Training also significantly increased the
dominance duration ratio of the amblyopic eye at 1 c/deg (from 9% to 15%; p<0.05, Figure
6B) and the cutoff spatial frequency (from 3% to 9%, p<0.05, Figure 6C). Detailed analysis
revealed that it was the average duration in each dominant phase of the amblyopic eye that
was increased (from 1.14+0.36 s to 2.29+0.42 s at 1 c/deg, p<0.05, and from 0.57+0.28 s to
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1.64+0.44 s at the cutoff spatial frequency, p<0.05); training did not significantly increase
the number of dominant phase of the amblyopic eye (21.74+10.06 vs 21.42+5.04 at 1 c/deg,
p>0.1; 8.89+6.17 vs 13.68+4.51 at cutoff spatial frequency, p>0.1).

Worth 4-dot Test.—The Worth 4-dot test scores didn’t improve significantly (Figure 7A,
p=0.29, Pearson’s chi-square test). Only two subjects demonstrated a trend for change—
their fellow eyes showed full dominance in pre-test (score of 2) and partial dominance in the
post-test (score of 1).

Summation Ratio and Interocular Balance Point.—Training did not significantly
improve binocular summation ratio (1.16 vs 1.11, p>0.1; Figure 7B), nor the interocular
balance point (IBP) in binocular phase combination (0.14 vs 0.15, p>0.10; Figure 7C).

3.3 Correlations

Two monocular functions, visual acuity and contrast sensitivity, and two binocular functions,
dominance ratio in binocular rivalry and stereoacuity, improved after intensive monocular
training. We evaluated the relationships between the magnitudes of these improvements.

Significant correlations were found only between the magnitudes of contrast sensitivity
improvement at the cutoff spatial frequency (i.e., training frequency) in the amblyopic eye
and improvement in visual acuity, cutoff spatial frequency, AUCSF in the amblyopic eye
(Figures 8ABC); the magnitudes of AUCSF improvements in the amblyopic and fellow eyes
(Figure 8D), and between the magnitudes of AUCSF improvements and the cutoff spatial
frequency improvements in the amblyopic eye (Figure 8E). None of the other correlations
was significant (Table 2). The results suggest that monocular and binocular improvements
following intensive monocular training were not correlated, consistent with several reports in
the literature30. 47, 48,

We also compared AE/FE ratios in CSF (AUCSF and cut sf) and rivalry tests before training.
The ratios of AUCSF (AE/FE) and rivalry dominant duration (AE/FE) were marginally
significant correlation (0.05<p<0.1, Figure 9), and so were the ratios of cutoff spatial
frequencies (AE/FE) and rivalry dominant duration (AE/FE).

4. Discussion

In the current study, we found that monocular contrast detection training near individual’s
cutoff spatial frequency in the amblyopic eye significantly improved its contrast sensitivity
and visual acuity and dominance duration during binocular rivalry. It also improved
steroacuity. However, the training did not significantly improve binocular summation and the
interocular balance point of binocular phase combination. The finding that monocular
training is only beneficial to some but not all binocular functions may reflect limitations of
monocular perceptual learning in recovering visual functions in anisometropic amblyopia. It
is also possible that the recovery of different visual functions may require different amount
of training®-%9; since our monocular training procedure lasted only eight days, it would be
interesting to evaluate whether there is extra benefit of extended monocular training on a
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range of visual functions, especially those without significant improvement following eight
days of training.

We didn’t find significant correlation among the magnitudes of improvements in visual
acuity of the amblyopic eye, its dominance duration in binocular rivalry, and stereoacuity.
The results are consistent with previous findings, including no significant correlations
between improved visual acuity and stereoacuity*’, between decrease interocular
suppression and improved stereopsis®? 46, and between improved dichoptic Gabor
resolution and improvements of visual acuity or stereopsis*8. Significant correlation was
only found between indexes derived from the same tests, e.g., improvements in AUCSF and
cutoff spatial frequency. These findings suggest that recovery of different visual functions
may require different types of treatment; structured monocular and binocular training with a
range of tasks are necessary to treat amblyopia.

Why is monocular training effective in improving stereoacuity and increasing the dominance
of the amblyopic eye during binocular rivalry but not in increasing the contribution of the
amblyopic eye in binocular phase combination? Stereoacuity threshold was found to be
inversely proportional to the product of the square root of contrast energy in the two

eyes’%: 71 In this vein, improvement of contrast sensitivity may lead to enhanced contrast
energy in the amblyopic eye and thus lower the stereo threshold. Dominance duration and/or
switch rate may be closely related to the contrasts of the images in the two eyes. Previous
studies found that binocular rivalry of two incompatible contours strongly depended on the
contrasts of the two contours; the completeness of rivalry and the amount of exclusive
visibility usually increased with the contrasts of rivaling targets’2 73. It’s interesting to note
that we also found marginally significant correlation between ratios of AUCSF (AE/FE) and
rivalry dominant duration (AE/FE), ratios of cutoff spatial frequencies (AE/FE), and rivalry
dominant duration (AE/FE) (all 0.05<p<.01, Figure 9) before training, indicating monocular
mechanism(s) may have prominent roles in binocular rivalry. It’s thus possible that improved
monocular contrast sensitivity elevated the dominance of the amblyopic eye in binocular
rivalry. On the other hand, both monocular (e.g. attenuation) and binocular (e.g. interocular
inhibition) mechanisms contribute to deficient binocular phase summation in amblyopia and
more importantly, abnormal inhibition from the fellow eye to the amblyopic eye is the more
dominant factor than attenuation of the signal in the amblyopic eye. Although monocular
training led to improved contrast signals in the amblyopic eye, it may not significantly affect
the stronger inhibition from the fellow eye to the amblyopic eye.

Our results are inconsistent with Chen et al. (2016), who found a modest (0.43+0.21 to
0.57+0.22) improvement of interocular balance point (IBP), and a significant correlation
between the magnitudes of AUCSF and IBP improvements following monocular contrast
detection training in the amblyopic eye*?. Although visual acuity in the amblyopic eye was
comparable in the two studies, the extent of interocular imbalance was much lower in ours’
(VA: 0.51+0.06 vs 0.48+0.26 LogMAR; IBP: 0.43+ 0.21 vs 0.14+0.02). The 8-10 sessions’
monocular training might work better for amblyopic subject with more balanced eyes.
Whether more extensive training can improve IBP in amblyopes with more severely
imbalanced eyes remained to be investigated.
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In dichoptic amblyopia training paradigms, two different images are presented to the two
eyes simultaneously, using a stereoscope, a pair of red—green glasses, a head-mounted video
display like the Oculus Rift, or an iPad, often with the stimuli projected to amblyopic eye
cued or at a higher contrast, and stimuli projected to fellow eye blurred or with a lower
contrast3%: 47. 51,69 The paradigms are designed to reduce interocular suppression®®: 74, or
re-establish stereopsis*’: 7> and visual acuity’6. However, binocular training paradigms may
not completely replace other therapies including traditional patching therapy and monocular
training because studies have found that a given training method, whether monocular or
dichoptic, could only improve a certain limited range of visual functions and there was no
significant correlation between improvements of monocular and binocular visual functions
following a single procedure®’: 91 75,

To conclude, monocular perceptual learning is effective in improving a range of monocular
functions and some but not all binocular functions. Structured monocular and binocular
functions are required to cover a full range of visual functions in amblyopia treatment.
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Figurel.
CSF Parameterization. The contrast sensitivity function, which describes the reciprocal of

contrast threshold as a function of spatial frequency, can be described by four parameters:
(1) peak gain CS.x (2) peak frequency £, (3) bandwidth (fullwidth at half-maximum) B,
and (4) truncation in low spatial frequencies 8. The quick CSF method rapidly estimates the
CSF by directly estimating the posterior distribution of the four parameters.
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Figure 2.
Binocular phase combination procedure?2. The left column shows the stimuli in the left eye

and the right column shows the stimuli in the right eye. In step 1, subjects adjusted the two
frames to fuse the images displayed to the left and right eyes. After perceiving one cross
with four dots in the four quadrants, they could press a key to start the trial. A blank frame
appeared for 500ms in Step 2. In Step 3 horizontal sine-wave gratings were presented to the
two eyes and subjects adjusted the reference line to indicate the “darkest” part of the
cyclopean grating. A blank frame was displayed for 1000 ms after the subject finished this
trial (Step 4).
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Figure 3.
Stimuli used in binocular rivalry measurement.
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Figure 4.
Average learning curve. The first and last data points (filled circles) were derived from pre-

training and post-training CSF measurements, respectively. Data from the training phase are
represented by open circles. The number of training sessions varied between observers, from
6 to 10 (9.2 £ 1.1 SD) sessions (only one observer trained for 6 sessions). We illustrated
eight common sessions for all but one subjects here. Data were fitted with a linear function
with a slope of 0.65 and /2 of 0.97 (p < 0.01). Error bars represent SEM.
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balance point(C), and the average phase vs contrast ratio curve in phase combination(D).
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fellow eyes (D), the magnitudes of AUCSF improvements and the cutoff spatial frequency
improvements in the amblyopic eye(E)

Vision Res. Author manuscript; available in PMC 2019 August 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Jiaetal.

14 ° - o i o
(= [=
z 1.1 ‘; 05 @ y=0.45x-0.05
W y=0.41x + 0.40 = 017x0.03 T R?=0.16
ui =0. j o y=0.174x - 0. =0.09
o R?=0.16 W 035 } R2=0.17 E P
L o8| p=0.09 ul p=0.08 < 081
5 o = ° - o
S o5} o 3 027 S o5t o
| - g | e 4
k] o w e k] - .
g 02t S 005 | P = o 02 F
g | 0" o = 0 aRetO o oo s | e o
o o680 oo °© & o oot P oo ©
01 N PE— 01 . . . M ) 0.1 . ,
0 02 04 06 08 1 12 0 02 04 06 08 1 12 0 02 04 06 08
Ratio of AUCSF(AE/FE) Ratio of cut sf(AE/FE) Ratio of AUCSF(AE/FE)
Figure9.

Correlation between ratios of AUCSF (AE/FE) and rivalry dominant duration (AE/FE)

O

Ratio of Rivalry (AE/FE, cut sf)

0.5

0.35

02

0.05

-0.1

Page 22
o
y=0.22x-0.06
r R?=0.20
p=0.05 °
0 R.-eTHO oo o0 o
0 02 04 06 08

Ratio of cut sf (AE/FE)

(A,C); ratios of cutoff spatial frequencies (AE/FE) and rivalry dominant duration (AE/FE)
(B.D)

Vision Res. Author manuscript; available in PMC 2019 August 28.



Page 23

Jiaetal.

“uolreUIqWIOD aseyd Jejnaoulq ui julod soueeq
¥

o | seo | ov €9 S0°0- €0°0- 100 8T°0 G6x0A05'0+:5ASL T+ 81 W | et
100 |00 |ov 00T €2°0- €T'0- 6T°0 82°0 STTx0QG. 0+:SA05 G+ o1 4 | st
eeo | zeo | oz or €0°0- €0°0- L00 6T°0 0,Tx2AS. 0+:5A05 0+ o1 Y A
800 | o010 | Sz 091 €0°0- €0°0- LT0 62°0 GyTx0A GL°0+:5A05 G+ 1€ 4 | ot
g0 | 110 | 00T 008y €0°0- €0°0- o0 €9'0 68x0Q 05°€+:5A 0°'T+ 1z W | ot
oro | v10 | oS 091 €T'0- €0°0- €20 80 00Tx0A00'T+:5A0S €+ 9T 4 | vt
120 | 2zo | os 05 €0°0- €0°0- €00 1T°0 $Q00'T+ (44 W | et
610 | Lz0 |05 002 TT°0- €0°0- 62°0 92'0 08x2Q05'€+:5ASL 0+ €1 4 | e
800 | s00 | ov 001 €0°0- €0°0- €90 880 09x2Q 6Z'T+SA 62T+ T W | 1t
0 |ogo | ov 091 €T'0- €0°0- 810 80 G/x0d 09°0+:SA G2'G+ 81 4 | ot
900 |oto |os 008y ST'0- €T'0- 050 8.0 0/x00 0'Z+SA G+ 12 W | 6
oro | 600 | oz 001 €T'0- €T0- 990 880 0/x00 0'Z+SA G+ T 4 8
600 | v00 | 00T 091 S0°0- €0°0- 8¢0 85°0 09x0Q GL°0+:50 SZ'v+ 81 W | ¢
110 | 200 | OV 00 €0°0- 70°0- o0 S50 SA 05'S+ T 4 9
800 | zro | oot 00 €0°0- €0°0- S50 8L°0 §6x0d 05°0+:SA 052+ A W | s
oro | zro | ooT 00 €0°0- €0°0- 050 85°0 G6x0Q GL'T+:SA GL'E+ LT W | v
600 | 800 | oov 008y TT°0- €0°0- €90 8.0 §6x0d 09'T+:SA G2'9+ 0z W | ¢
900 | 800 | 00z 00 LT0- €T0- 00 89'0 00Tx0AST T+:5ASL G+ 2 W | ¢
oro | 110 | €9 091 €0°0- €0°0- 520 050 0£TxDAS 0+:5A0G v+ 12 W |t
1S0d 9.d 10d 2.d 1S0d al.d 1S0d 2.d

uone 10D VY (1h)8by | s | ON
. Juodeouered | (snwyip)Aunoecesers | (MvwBo ANy 34 | (dvwbo1)Aunoy 3y

$193lqns Jo sonsuaoeIeyd S,948 J1doA|lquy
‘T 9lqeL

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Vision Res. Author manuscript; available in PMC 2019 August 28.



Page 24

‘aka o1doA|quie Jo Aouanbaly feireds 1o1nd Je AJAINISUSS 1SeIIU0D (SO 4SIND
11581 Je|noouiq Jo Aouanbauy jeneds yoind (19 4S Hond
‘aka mo||a} 40 Aouanbaly fenreds Yoind : 34 4S Hond
‘aka o1doAjquie Jo Aouanbauly feireds yoind 3y 4S Hoind
‘aka moj|a) snoinaid Jo Alnde [ensiA ;34 WA
‘aAa a1doA|quwre snoinaid Jo AJInde [ensIA 3V WA
Jueayubis Alybry, "
‘JuednIUBIS SI UONE[3II0D,
x

" {d)y ,, Se passaldxa sem pue pawoiad aiam UOIIR[31I00 UoSIead

(190°0)267'0  (8sT'0)2€€0  (9g€0)e€’0  (L2e0)8€20  (¥90°0)€Er'0  (€0€0)S20  (£20°0)905°0 (e0)1sz0  (e0T0)58'0  (6¥2°0)8.20  (#/8°0)6€0°0 (z8'0)950°0  Homo Ay
(80°0)TTY'0  (9ec0)vez0  (9ev'0)6T0  (876°0)5200  (265°0)TETO  (96T°0)0TE0  (129°0)TCT0 (9205200  (zzo0)tero  (zsT0)eve0  (6z80)eso0  Bepp T Ay
(55600700 (L290)6TT0  (28€°0)TZ’0  (8v2'0)8LZ0  (TT8'0)6500  (EEE°0)SEZ0 (Lz0)r9z0  (66T°0)60€0  (185°0)SET0  (S¥9'0)ETTO dg

(82202920 (18€°0)TZ0  (296°0)2T00  (S22°0)2800  (SL¥°0)SLTO (e8z'0)9z0  (968°0)ce00  (L0¥0)2020  (¥86°0)S00°0 sisdoasals

Jiaetal.

available in PMC 2019 August 28.

1

ipt

Author manuscr

Tsion Res.

Vi

(215000910 (857°0)T8T0  (21670)220°0 ) **  (Le8°0)1500  (90€0)8¥20  (029°0)0T0  (6G2°0)5L00 !9 450NV
(t0'0>)v56°0
L EVO0Y0  (y6z0)Sz0  (LPS0)8ETO ) *¥ ) *  (2z8'0)550°0 (772°0)80'0 34 450NV
(To0>}¥96'0  (9€00)E8Y0
) *  (8eL°0)z800  (¥80°0)L07°0 ) *¥  (68T°0)STE0  (8/£°0)6900 3V 4SONV
(T200)225°0 (10'0>)286°0
(zz6'0)v200  (TvZ'0)€8Z°0 . *  (092°0)5L0°0 o xx S0 4SIND
(910°0)EVS0 (500°0)029°0

(198°0)ev00  (955°0WYT0  (1€5°0)eSTO  (EV80)6Y0'0 !9 4S HOIND

) . . . . . EEES

(BL00v1r'0  (986°0)v000  (26£°0)802°0 oo

. . . . EVES

(roT0)zee0  (999°0)90T'0 1o

(¥82°0)652°0 EERA

v VA

Homno Bopp T 19 EE| v 19 34 v
(av) dg ssdos BiS [SeESilile} 34 VA Iv VA
uolre.ng Alrenary 450NV 4S Hoind
S2INSealll JUIBLIP Ul SJUBWAACIdWI UBaMIBQ UOIIR|3II0D
¢ 3lqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript



Page 25

Jiaetal.

‘Aousnbaly Jerreds Joina 1e aks d1doAjquie 40 uoieInp AlfeAls Jejnaoulg :Joind ay

‘Bap/oT 1e 948 a1doAjquwie Jo uoireinp Alfeall Jejnaoulg :6ap/o T Ay
‘uolreulquiod aseyd Jejnooulq ui Julod aduefeq Jeind0JsIu| :dg

11591 A4 snwiiL Ul Aunoeoalsls :sisdoalsis

18] Je[nNd0oulIq JO UoOUNY ANAIISUSS ISBIU0D J9pun ealy 19 4SONVY
‘aka Mo||a} J0 UonOUNY ANAISUSS 1SBIIU0D Japun ealy i34 4SONV

‘aa a1doA|quie Jo uonouny AJIAIISUSS 1SBIIU0D Japun Baly (3 4SONV

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Vision Res. Author manuscript; available in PMC 2019 August 28.



	Abstract
	Introduction
	Methods
	Subjects
	Apparatus
	Battery of tests
	Monocular visual acuity
	Monocular and binocular contrast sensitivity functions (CSF)
	Stereoacuity
	Worth 4-dot test
	Binocular phase combination
	Binocular rivalry

	Training

	Results
	Monocular functions: contrast sensitivity and visual acuity
	Binocular functions
	Stereoacuity.
	Dominance Ratio in Binocular Rivalry.
	Worth 4-dot Test.
	Summation Ratio and Interocular Balance Point.

	Correlations

	Discussion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Figure 8.
	Figure 9.
	Table 1.
	Table 2.

