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Purrose. We aimed to study the effect of stimulus contrast on the orientation selectivity
of interocular interaction in amblyopia using a dichoptic masking paradigm.

Mernobs. Eight adults with anisometropic or mixed amblyopia and 10 control adults
participated in our study. The contrast threshold in discriminating a target Gabor in the
tested eye was measured with mean luminance in the untested eye, as well as with a band-
pass oriented filtered noise in the other eye at low spatial frequency (0.25 c¢/d). Threshold
elevation, which represents interocular suppression, was assessed using a the dichoptic
masking paradigm (i.e. the contrast threshold difference between the target only and
masked conditions), for each eye. Orientation selectivity of the interocular suppression
as reflected by dichoptic masking was quantified by the difference between the parallel
and orthogonal masking configurations. Two levels of mask’s contrast (3 times or 10
times that of an individual’s contrast threshold) were tested in this study.

Resurrs. The strength of dichoptic masking suppression was stronger at high, rather
than low mask contrast in both amblyopic and control subjects. Normal controls showed
orientation-dependent dichoptic masking suppression both under high and low contrast
levels. However, amblyopes showed orientation-tuned dichoptic masking suppression
only under the high contrast level, but untuned under the low contrast level.

Concrusions. We demonstrate that interocular suppression assessed by dichoptic masking
is contrast-dependent in amblyopia, being orientation-tuned only at high suprathreshold
contrast levels of the mask.
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mblyopia is a neurodevelopmental disorder associated
with abnormal visual experience early in life, such
as strabismus, anisometropia, high refractive error, and
cataract.!~* It is the most common cause of monocular visual
loss in children,>° affecting approximately 1% to 5.5% of the
population.?” Amblyopes suffer from poor monocular visual
functions®~1° (e.g. reduced visual acuity and contrast sensi-
tivity), as well as poor binocular visual functions'"!? (e.g.
reduced stereopsis and abnormal binocular combination).
Binocular vision deficits are reported to be more impactful
than monocular vision deficits in amblyopia daily life.?!?
Interocular suppression has been considered to be
central to the mechanisms underlying amblyopia.'* It has
been reported that the interocular suppression induced
by amblyopic eye stimulation was much weaker than that
by fellow eye stimulation.'>'® This imbalanced interocu-
lar suppression is thought to have a causative role in the
binocular visual deficits of amblyopia.'’"2° In addition, a
recent study has shown that there are residual binocular
visual deficits (i.e. the sensory eye dominance is abnormally
biased toward the fellow eye at a wide spatial frequency
ranges from 0.5 to 8 cycles/degree) even when amblyopes
have regained normal visual acuity.?! Thus, binocular ther-
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apy targeting rebalancing the interocular suppression has
been introduced to treat amblyopia.'422-20

These previous studies highlighted the importance of
interocular suppression in amblyopia. However, our under-
standing of interocular suppression in amblyopia is not
complete. To illustrate, the orientation selectivity of inte-
rocular suppression in amblyopia is still controversial. Levi
et al.,”” found that the suppression induced by the fellow
eye (i.e. from the fellow eye to the amblyopic eye) was
strongest when target grating and mask grating were at the
same orientation, and suppression was reduced when there
was an increased difference between target and mask orien-
tation by using a dichoptic masking paradigm with spatial
frequency of 2 ¢/d in one subject with amblyopia. Harrad
and Hess?® also used dichoptic masking paradigm and
observed orientation dependent but broader tuning suppres-
sion by the fellow eye to the amblyopic eye in one strabis-
mic amblyope at 5 ¢/d. However, Gao et al.,* found that
6 of 9 amblyopes showed an orientation untuned dichop-
tic masking suppression induced by the fellow eye, and the
amblyopic eye showed little or no masking effect at 1.6 ¢/d
by continuous flash suppression paradigm. The paradigms
and spatial frequencies used in these previous studies were
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different. In our recent study,’® we used a dichoptic mask-
ing paradigm and measured interocular suppressive inter-
action of both eyes for a range of spatial frequencies in
amblyopes and found that such orientationally tuned inte-
rocular suppression was observed in low to mid spatial
frequency in both eyes, but not at high spatial frequency
for the amblyopic eye. These studies suggest that the orien-
tation selectivity of interocular suppression in amblyopia is
spatial frequency dependent.

It should be noted that in these previous studies, a
fixed level of suprathreshold contrast mask was normally
used for measuring the interocular suppressive interaction.
It is known that amblyopes’ contrast deficits are strongly
spatial frequency dependent, for example, the contrast sensi-
tivity function was significantly reduced at high spatial
frequency.”?13°> This means that the measurement of inte-
rocular suppressive interaction might have been affected (i.e.
reduced in magnitude) by the reduced level of suprathresh-
old contrast of the mask as a consequence of the elevated
contrast threshold of the amblyopic eye at high spatial
frequency. Therefore, one important question that needs
to be answered is whether the mask stimulus suprathresh-
old contrast (i.e. relative to threshold) affects the orienta-
tion selectivity of interocular interaction in amblyopia. This
is an important issue because, as pointed out above, the
unselective masking at high spatial frequency in amblyopia
previously reported could be due to either the high spatial
frequency per se or the reduced suprathreshold contrast
resulting from the elevated contrast threshold. To answer
this question, we used the dichoptic masking paradigm®
with masks at different suprathreshold contrast levels (3
times or 10 times of individual’s contrast threshold) to
measure orientation selectivity of interocular interaction in
amblyopes and normal controls. The contrast threshold for
each eye was measured under the target condition, as well
as under parallel (the target and mask share the same orien-
tation, 0° target with 0° mask) or orthogonal (the orienta-
tion difference between the target and the mask is 90°, 0°
target, with 90° mask) masking conditions. Threshold eleva-
tion, which represents interocular suppressive interaction,
was defined as the contrast threshold difference between the
target and masking conditions, as for previous studies.!>-3°
We specifically used a low spatial frequency stimulus (i.e.
0.25 c¢/d) because amblyopes usually have normal contrast
threshold in this frequency range. This allowed us to use
mask contrasts that were of the same absolute and rela-
tive (i.e. suprathreshold) contrast for normal controls and
amblyopes. We found that orientation tuning was greater at
the higher mask contrast condition. The orientation selec-
tivity was significant both under 3 times and 10 times mask
contrast in control adults, whereas it was significant only
under 3 times mask contrast (not under 10 times mask
contrast) in amblyopes.

METHODS
Participants

Eight adults with anisometropic or mixed amblyopia and
10 control adults (mean age = 22.8 £+ 1.32 years old; 5
females) participated in this study. Amblyopia was defined
according to the Preferred Practice Patterns of the Ameri-
can Academy of Ophthalmology®® with an interocular best-
corrected visual acuity (BCVA) difference of two or more
logMAR lines. Participant A7 is a clinically treated ambly-
ope??7 with one logMAR line difference of interocular BCVA.
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Participant A7 was included as she had a pattern of ambly-
opic interocular suppression even with recovered monocular
visual acuity. All amblyopes were recruited from Eye Hospi-
tal of Wenzhou Medical University, and had no obvious struc-
tural anomalies or ocular disease, and had normal central
fixation; their clinical characteristics are listed in the Table.
All control participants had normal or corrected-to-normal
visual acuity (<0.00 logMAR), normal stereoacuity (<60
arcsecs), minimal (or none) degree of anisometropia (refrac-
tive error [spherical equivalent, {SE}) difference <1.00 D) or
astigmatism (<1.00 D), and no history of eye disease or
surgery. The dominant eye of each participant was deter-
mined by a pinhole test.>® All participants were instructed to
wear spectacles to fully correct their refrative errors in the
experiment. The study followed the tenets of the Declara-
tion of Helsinki and was approved by the Ethics Committee
of Wenzhou Medical University. All participants were naive
to the purpose of the experiment and informed consent was
obtained from all of them.

Apparatus

The stimuli used in this study were programmed with
MATLAB R2016a (MathWorks, Natick, MA, USA) using
the PsychToolBox extension 3.0.14.3%%0 All stimuli were
displayed on head-mounted 3D goggles (GOOVIS Pro,
NED Optics, Shenzhen, China) with gamma-correction. The
refresh rate was 60 Hz, and the resolution of the OLED
goggles was 1600 x 900 pixels (corresponding to 46 x 26
degrees) for each eye. The maximal luminance of the goggles
was 150 cd/m?.

Stimulus

Target stimuli were monocular Gabor patches (Gaussian-
enveloped gratings: sigma = 1.77°) that were presented
to one eye. A mean grey background (monocular target
condition) or a Gaussian-enveloped mask (dichoptic mask-
ing condition) was presented to the other eye. The masks
were oriented noise patterns, created by convolving a white
noise by a Gabor filter with a half-response spatial frequency
of 1.84 octaves and orientation bandwidth of 65° in the space
domain. The orientation of the target was 0° (i.e. horizontal)
and the orientation of the mask was either 0° (i.e. horizontal)
or 90° (i.e. vertical) depending on the testing condition. The
sigma size of mask was 1.5 times larger than that of the target
to reduce the effect of misalignment. The spatial frequency
of the target and mask was 0.25 c¢/d. The contrast of the
target was determined with a staircase procedure (see Proce-
dures). The contrast of the mask was 3 times or 10 times
higher than the monocular contrast threshold measured in
the target condition.

Design

We first measured the monocular contrast threshold in the
target only condition. Then, the contrast threshold was
measured under 2 threshold mask conditions: 3 times and 10
times the threshold mask conditions. Each threshold mask
condition included 2 mask orientations: (1) the orientation
of the mask was 0° (parallel); and (2) the orientation of
the mask was 90° (orthogonal). The contrast threshold was
measured for each eye, and for two threshold mask condi-
tions, and for two mask orientation conditions, thus leading
to a total of 10 conditions for each participant (Fig. 1A).
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TasLe. Clinical Characteristics of Amblyopes

RDS
VA, Stereo
Gender/ logMAR Refraction Squint Acuity, Arc
Subject Age Type (AE/FE) (AE/FE) (OD/0OS) Seconds History of Treatment
Al 26/F Anis 0.22  +1.50/—0.50 x 180 %) 200 Detected at 15 years old, no treatment
—0.08 PL
A2 25/M  Anis 0.70 +5.00/—3.00 x 180 %) 400 Detected at 18 years old, no treatment
0.00 -0.50
A3 25/F Anis 0.50 +4.50/—0.75 x 15 (%] N/A Detected at 12 years old, no treatment
0.00 PL
A4 22/M  Anis 0.60 +5.00 (%) 400 Detected at 8 years old, glasses since 8 years old, patched
—0.08 —4.00 for 1 year since 8 years old
A5 28/M  Anis 0.42 +4.00 %) 200 Detected at 11 years old, glasses since 13 years old
0.14 +2.25
A6 23/F  Mixed 0.22 —6.00/—3.00 x 75 XP 10 100 Detected at 13 years old, glasses since detection, patched
—0.08 —6.00 occasionally for 1 year
A7 20/F  Mixed 0.10 +1.00/—6.50 x 175 X(T) 15 400 Detected at 12 years old, then received strabismus surgery
0.22 —1.50/—4.50 x 180 for X(T), glasses since detection, patched occasionally
for 6 months
A8 22/M  Anis 0.60 +5.50 (0] 800 Detected at 13 years old, glasses since 13 years old,
—0.08 —4.50 patched for 1 year since 13 years old

Anis, anisometropic amblyopia; Mixed, amblyopia with both strabismus and anisometropia; VA, visual acuity; AE, amblyopic eye; FE,
fellow eye; PL, plano, emmetropia pd, prism diopters; OD, right eye; OS, left eye; @, without strabismus; XP, exophoria; X(T), intermittent
exotropia; RDS, randot stereotest.

In all subjects, the left eyes (6 non-dominant eyes and Procedures
6 amblyopic eyes) were measured first, then the right eyes.
For each eye, the contrast threshold under the target condi-
tion was measured first, and then under the mask condi-
tions. The threshold mask conditions (i.e. 3 times and 10
times the threshold mask conditions) were randomized in
all subjects. In addition, the orientations of the mask (.e.
parallel and orthogonal) were measured randomly in each
threshold mask condition. Participants were allowed to take
a break after every contrast threshold measure and started
the next one when they were ready to proceed. Each
condition was measured in 6 to 8 minutes, therefore the
experiment was finished in 1 to 2 hours, with breaks

Before beginning the experiment, an interocular alignment
task was needed to be completed by facilitating the fusional
alignment between the participants’ two eyes. Participants
were asked to align a vertical red line with a vertical green
line presented to each eye in the middle of the screen. The
position of the two lines were then used for presenting stim-
uli in the two eyes (without shifting the phase of Gabors) in
the following contrast threshold measures.

Contrast thresholds were measured with a two-down
one-up staircase procedure using a 2-interval forced choice
(2IFC) paradigm with contrast chosen on a log-scale
between 0.001 and 1. The staircase ended after 20 reversals.

included.
A B
Targgt Mask condition \“\ewa\ A
condition (low/high contrast) / Target
condition
Tested
eye
Mask
Untested condition
nteste:
eye

Waiting for response
Parallel Orthogonal

Ficure 1. (A) Dichoptic stimuli. Target condition included one viewing condition: the 0° Gabor target was presented to the tested eye and a
mean luminance background was presented to the untested eye. Mask condition included 2 threshold mask conditions: (1) low contrast: the
mask contrast was 3 times higher than the individual’s contrast threshold; and (2) high contrast: the mask contrast was 10 times higher than
the individual’s contrast threshold. Each threshold mask condition included 2 orientation conditions: (1) parallel condition: the 0° Gabor
target was presented to the tested eye and the 0° mask was presented to the untested eye; and (2) orthogonal condition: 0° Gabor target
was presented to the tested eye and the 90° mask was presented to the untested eye. (B) Time course of the experiment. Each trial began
with an orange fixation point (radius 0.1°) appearing for 200 ms. The first interval stimulus appeared for 117 ms without fixation point and
signaled by a brief tone, followed by a 200 ms inter-stimulus interval with an orange fixation point. Then a 117 ms second stimulus interval
appeared signaled by a brief tone, and a green fixation point until response. Response correctness was then indicated by another tone.
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In each trial, the presentation sequence was as follows:
an orange fixation point (radius 0.1°) appeared for 200 ms at
the beginning, then the first interval stimulus appeared for
117 ms without a fixation point and signaled by a brief tone,
followed by a 200 ms inter-stimulus interval with an orange
fixation point, a 117 ms second interval signaled by a brief
tone, and a green fixation point until response (Fig. 1B). In
the target condition, the target was randomly presented in
one of the two intervals and the other interval was blank. In
the mask condition, the mask was presented in both the two
intervals and the target was randomly presented in only one
of the two intervals. The participants were asked to indicate
the target that was shown in which interval (first or second
interval) and to press the corresponding key. There was a
brief tone following each response to inform the correctness.
The next trial started immediately after the response.

Data Analysis

The effect of interocular suppressive interaction was defined
as the dichoptic masking suppression induced by the mask.
It should be noted that the effect of dichoptic masking
might involve both the interocular suppression (e.g. when
the mask is orthogonal) as well as within-channel pedestal
or noise type masking (e.g. when the mask is parallel). For
clarity and consistency with both our previous studies!*3
and those of others,*""*? we have referred to the change in
detectability due to masking in terms of elevated contrast
thresholds rather than reduced contrast sensitivity. Thresh-
old elevation was quantified as the difference of contrast
threshold in dB between one mask condition and the target
condition for the same test eye, using the following equation:

T breshold elevation = 20 x log,, (T hresbys:)
— 20 xlog,, (Threshrare) (1

where Thresh refers to the measured contrast threshold in
mask or target condition. For example, the threshold eleva-
tion under 3 times the parallel mask condition is the contrast
threshold in dB of 3 times the parallel mask condition minus
that of the target condition.

Analysis was performed with SPSS Statistics version 25
(IBM, Armonk, NY, USA) and Matlab 2018a (Mathworks,
Natick, MA, USA), with P < 0.05 as the criterion for statis-
tical significance. The Shapiro-Wilks test was used to assess
the normality of the dataset.”> The degrees of freedom of
the F distribution were corrected by an index of deviation
to sphericity.*%° The Bayes factor (BF) was calculated to
quantify the relative predictive performance of two rival
hypotheses (#0: no significant difference; H1: significant
difference)?” in one-sample #-test:

PO pDIHD _ p(H1ID) )
pP(HD)  pDIHO)  p(HOID)
—_— — ———
Prior odds BFo Posterior odds

A Bayes factor (BF;() of 1 indicates that both hypotheses
predicted the data equally well. The 0 < BF;, < 1 can be
interpreted as evidence for the alternative 70 relative to the
null hypothesis 1. The 1 < BF;; < 3, BF;q > 3, BF;y > 10,
and BF;y > 100 can be interpreted as anecdotal, moderate,
strong, and extreme evidence for H1, respectively.*
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RESULTS
Monocular Contrast Threshold With no Mask

Figure 2 shows the contrast threshold of the controls and
the amblyopes. Mixed repeated-measures analysis of vari-
ance (ANOVA) with a between-subjects factor of group
(controls and amblyopes), with a within-subjects factor of
eye (dominant eye [DE]/fellow eye [FE] and non-dominant
eye [NDE]/amblyopic eye [AE]) was performed to examine
whether contrast threshold was different between normal
controls and amblyopes, and between DE (FE) and NDE
(AE). The effect of group (F[1,16] = 0.933, P = 0.348), eye
(F[1,16] = 0.001, P = 0.981), or the interaction between the
group and eye (F[1,16] = 0.303, P = 0.589) was not signifi-
cant. This result demonstrated that the contrast threshold of
each eye was not different between controls and amblyopes
at the spatial frequency we studied (i.e. 0.25 c¢/d).

Threshold Elevation With Dichoptic Masking

We measured contrast threshold under five conditions
(see Fig. 1) for the two eyes in controls and the ambly-
opes. The threshold elevation (i.e. interocular interaction,
the difference of contrast threshold in dB between the target
and mask conditions, see Methods) under the two thresh-
old mask conditions (each mask contrast including 2 orien-
tations) are plotted in Figure 3. Figures 3A and 3B show
the threshold elevation of controls and that of amblyopes,
respectively.

Mixed repeated-measures ANOVA with a between-
subjects factor of group (controls and subjects amblyopes),
with within-subjects factors of eye (from DE/FE to NDE/AE
and from NDE/AE to DE/FE), mask contrast (3 times and
10 times), and orientation (parallel and orthogonal) was
performed to examine whether threshold elevation was
different between normal controls and amblyopes, between
low and high mask contrast, between parallel and orthogo-
nal, and between DE/FE and NDE/AE. The effects of eye
(F[1,16] = 6.059, P = 0.026), mask contrast (F[1,16] =

60+
Il DE/FE
50 Il NDE/AE

Contrast threshold (dB)

Controls
(N=10)

Amblyopes
(N=8)

Ficure 2. Contrast threshold of each eye in controls and ambly-
opes at 0.25 c¢/d. Blue and red bars represent the contrast threshold
of DE/FE and NDE/AE in controls and amblyopes, respectively. Indi-
vidual data point is represented by a circle (controls) or a triangle
(amblyopes).
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FE~Z AE
* k%
o5 ] 1
* k%
20 A

Threshold elevation (dB)

Parallel Orthogonal
3 times mask

Parallel Orthogonal
10 times mask

Ficure 3. Threshold elevation in controls (A) and amblyopes (B). Blue and red bars represent the threshold elevation from DE/FE to
NDE/AE and from NDE/AE to DE/FE in controls and amblyopes, respectively. Solid and hollow bars represent the threshold elevation
measured under parallel and orthogonal conditions, respectively. Individual data point is represented by a circle (controls) or a triangle

(amblyopes). *, P < 0.05; **, P < 0.01; ** P < 0.001.

328.798, P < 0.001), and orientation (F[1,16] = 195.850, P <
0.001) and the interaction between mask contrast and orien-
tation (F[1,16] = 181.706, P < 0.001) were found to be signif-
icant. But the effect of group was not significant (F[1,16] =
1.905, P = 0.186). The interactions between other factors
were not significant (all, P > 0.170).

Threshold Elevation in Normal Controls. In
controls (see Fig. 3A), repeated measure ANOVA with within-
subjects factors of eye (from DE to NDE and from NDE
to DE), mask contrast (3 times and 10 times), and orien-
tation (parallel and orthogonal) was performed to examine
whether the threshold elevation was different between the
two eyes, under different threshold mask conditions, and
under different orientations. The effects of mask contrast
(F[1,9] = 278.769, P < 0.001) and orientation (F[1,9] =
95.995, P < 0.001), and interaction between the mask
contrast and orientation (F[1,9] = 21.438, P = 0.001) were
found to be significant. But the effect of the eye (F[1,9]
= 0.590, P = 0.462), or the interaction between the eye
and mask contrast (F[1,9] = 0.764, P = 0.405), between
eye and orientation (F[1,9] = 0. 042, P = 0.843), or among
the eye, mask contrast, and orientation (F[1,9] = 0.505, P =
0.495) was not significant. The post hoc analysis showed that
the threshold elevation was significantly different between
parallel and orthogonal conditions both under 3 times (P =
0.001) and 10 times (P < 0.001) the threshold mask condi-
tions.

Threshold Elevation in Amblyopes. In amblyopes
(see Fig. 3B), repeated measure ANOVA with within-subjects
factors of eye (from FE to AE and from AE to FE), mask
contrast (3 times and 10 times), and orientation (parallel and
orthogonal) was performed to examine whether the thresh-
old elevation was different between the two eyes, under
different threshold mask conditions, and under different
orientations. The effects of eye (F[1,7] = 14.938, P = 0.000),
mask contrast (F[1,7] = 97.186, P < 0.001), and orientation
(F[1,7]1 = 103.783, P < 0.001), and interaction between mask
contrast and orientation (F[1,7] = 58.553, P < 0.001) were
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found to be significant. But the interaction between the eye
and mask contrast (F[1,7] = 0. 020, P = 0.891), between the
eye and orientation (F[1,7] = 0. 568, P = 0.475), or among
the eye, mask contrast, and orientation (F[1,7] = 2.351, P =
0.169) was not significant. The post hoc analysis showed that
the threshold elevation was significantly different between
parallel and orthogonal conditions both under 3 times (P =
0.011) and 10 times (P < 0.001) the threshold mask condi-
tions.

These findings indicated that the dichoptic masking
suppression was similar in the two eyes in the controls,
whereas it was different between the eyes in amblyopes.
Dichoptic masking suppression was larger under parallel
condition than under orthogonal condition. In addition,
we demonstrated that larger dichoptic masking suppression
could be found with higher mask contrast.

Results of Tuning Index (Orientation Selectivity
of Interocular Suppression)

To better represent the orientation selectivity, the tuning
index (the threshold elevation difference between the paral-
lel and orthogonal conditions) of controls and amblyopes
are plotted in Figures 4A and 4B, respectively.

Tuning Index in Normal Controls. In the controls
(see Fig. 4A), repeated-measures ANOVA with within-
subjects factors of eye (from DE to NDE and from NDE to
DE) and mask contrast (3 times and 10 times) was performed
to examine whether the tuning index was different between
the two eyes, or under different threshold mask conditions.
The effect of mask contrast was found to be significant
(F[1,9] = 21.438, P = 0.001). But the effect of the eye (F[1,9]
= 0.042, P = 0.843), or the interaction between the eye and
mask contrast (F[1,9] = 0.505, P = 0.495) was not significant.
One sample #test was performed, and BF;, was calculated
(see Methods-Data analysis). Tuning index of the two eyes
was found to be significantly different from 0 both under
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Ficure 4. Tuning index of controls (A) and amblyopes (B). Blue and red bars represent the tuning index of DE/FE and NDE/AE in controls
and amblyopes, respectively. Individual data point is represented by a circle (controls) or a triangle (amblyopes). *, P < 0.05; **, P < 0.01;

wk P < 0.001.

3 times and 10 times the mask contrast (3 times: from NDE
to DE, BF;, = 5.455, P = 0.012, from DE to NDE, BF;, =
9.486, P = 0.006; 10 times: from NDE to DE, BF;, > 100, P
< 0.001, from DE to NDE, BF;, = 66.035, P < 0.001).

Tuning Index in Amblyopes. In amblyopes (see
Fig. 4B), repeated-measures ANOVA with within-subjects
factors of the eye (from FE to AE and from AE to FE) and
mask contrast (3 times and 10 times) was performed to
examine whether the tuning index was different between
the two eyes, or under different threshold mask conditions.
The effect of the mask contrast was found to be significant
(F[1,7] = 58.553, P < 0.001). But the effect of the eye (F[1,7]
= 0.568, P = 0.475), or the interaction between the eye and
mask contrast (F[1,7] = 2.351, P = 0.169) was not significant.
One sample #-test was performed, and BF,, was calculated.
Tuning index of the two eyes was found to be significantly
different from 0 under 10 times the threshold mask condi-
tion (from AE to FE, BF;, > 100, P < 0.001; from FE to AE,
BF,y > 100, P < 0.001) but not under 3 times threshold mask
condition (from AE to FE, BF,;, = 1.340, P = 0.080; from FE
to AE, BF;, = 0.579, P = 0.274).

These results indicated that the tuning index was simi-
lar in the two eyes, in both normal controls and amblyopes.
In addition, the tuning index was significantly larger with
higher mask contrast, in both subjects with amblyopia and
normal vision. Significant tuning index was observed in the
controls and amblyopes under the 10 times threshold mask
condition. However, under 3 times threshold mask condi-
tion, the tuning index of controls was significant, while that
of amblyopes trended to be different from 0 with 3 times
contrast mask but without statistically significant.
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DISCUSSION

In this study, we evaluated the interocular suppressive inter-
action by using a dichoptic masking paradigm. The contrast
of mask was set at either 3 times or 10 times the level of
the monocular target grating contrast threshold to produce
a weaker and a stronger suppressive effect. The thresh-
old elevation at these different mask contrast suprathresh-
old levels was measured. An imbalanced dichoptic mask-
ing suppression was observed in amblyopes, whereas a
balanced dichoptic masking suppression was observed in
normal controls (i.e. the masking effect from the ambly-
opic eye to the fellow eye was less than that from the
fellow eye to the amblyopic eye in amblyopes, while it was
similar in the two eyes of control adults). This result was
consistent with previous studies.!>10:30:49.50 Also, the imbal-
anced dichoptic masking suppression was not the result
of the monocular deficits, as the contrast threshold of the
amblyopes was not different between the two eyes at the
low spatial frequency used (i.e. 0.25¢/d). This supports the
proposition that the interocular suppressive imbalance in
amblyopia at low spatial frequency is not a simple conse-
quence of threshold attenuation in the interocular contrast
gain control mechanism.>">? In addition, parallel masking
was shown to have more effect than orthogonal masking
in both control and amblyopic subjects at 10 times the
mask contrast level. This result agreed with our previous
study®® and other studies,””->> suggesting that amblyopes
exhibit normal orientation-tuned interocular suppressive
interactions in both eyes when there is a strong dichoptic
mask.
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The strength of dichoptic masking suppression was
found to be stronger at high mask contrast compared
with low mask contrast both in amblyopes and normal
controls. This result agreed with previous studies using
binocular rivalry paradigm,> continuous flash suppression
paradigm,® and dichoptic masking paradigm.’? For exam-
ple, Meese et al.,>® used a contrast masking paradigm with
a spatial frequency matched mask and target, and found an
increased test contrast at higher mask contrasts. The slope
of function of the test contrast and the mask contrast was
found to be a close to unity at moderate and higher mask
contrasts, which was consistent with Weber’s law. Here, we
found that the orientation selectivity of dichoptic masking
suppression in amblyopia was also affected by the mask
contrast. At the 3 times mask contrast threshold condition,
the parallel and orthogonal masking effects were similar in
both eyes in amblyopes, whereas the parallel masking effect
was stronger than the orthogonal masking effect in normal
controls. One patient (subject A1) showed strong masking
effect from FE to AE under both the 3 times and 10 times
mask contrast conditions. This did not affect our results
and the main conclusion as the amblyopic subjects still
showed orientation untuned interocular suppression under
the low mask contrast even if we excluded the data of this
subject (tuning index was not significantly different from 0;
from AE to FE: BF;, = 1.359, P = 0.084; from FE to AE:
BF, = 0.929, P = 0.144). This reveals that the orientation
selectivity of interocular interaction was different between
amblyopes and normal controls at mask contrasts close to
threshold.

The correlations between the strength of dichoptic mask-
ing suppression (i.e. the threshold elevation) and the tuning
index (i.e., the orientation selectivity of dichoptic masking
suppression), between the tuning index and visual acuity
were not found either for 3 times or 10 times threshold
mask conditions (see Supplementary Material). These results
agreed with our previous study, in which significant correla-
tion was not found at 0.25 ¢/d.*° Even though the contrast of
the mask was set at 0.8 in our previous study and it was set
at various contrast levels in the present study, similar correla-
tion results were observed. We conclude that the anomalous
orientation selectivity of interocular interaction at 0.25 c¢/d
in amblyopes for the 3 times threshold mask condition was
not a consequence of neither the monocular visual acuity
deficits nor the imbalanced interocular interaction.

More importantly, our results also suggested that one
needs to take the contrast of the mask into consideration
(i.e. fixed contrast or visibility level), when investigating
the properties of interocular suppression in amblyopia. The
fact that the orientation tuning properties depend on the
suprathreshold contrast level clearly indicates that suppres-
sion in amblyopia cannot be simply regarded as exagger-
ated normal dichoptic masking. It might also indicate that
the contributions of overlay/surround inhibitory interactions
underlie the interocular suppression in amblyopia.>> One
prediction that we are currently investigating is whether this
lack of orientation tuning depends on the visual field extent
of the mask.

Rebalancing the interocular suppression has been consid-
ered as a potential treatment for binocular deficits in
amblyopia. For example, Bossi et al.'* used a blurring of
the fellow eye and normal image in the amblyopic eye
(binocularly balanced movie) to treat amblyopia. Patients
received clinically significant improvement of visual acuity,
and pure anisometropic amblyopia also received stereoacu-
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ity improvement. Blurring reduces the contrast preferably
for stimuli of higher spatial frequencies. Here, we show
that contrast is an important factor when considering inte-
rocular suppressive effects in amblyopia even at very low
spatial frequencies, suggesting that a therapeutic manipula-
tion based on contrast rather than lowpass filtering might
be more optimal. Also, different contrast and orientation
conditions, as well as other stimuli settings might need to
be considered when training based on contrast modulation
is designed to benefit visual functions using training tasks.
In addition, it is also suggested that contrast might play a
key role in training, as our present study and those of other
studies!'!>19-50-57 have observed.

In conclusion, the interocular interaction and its orien-
tation selectivity were assessed by dichoptic masking
paradigm at a low and a high mask contrast level for a low
spatial frequency stimulus. The dichoptic masking suppres-
sion and orientation selectivity were both contrast depen-
dent in adults with amblyopia and normal vision. In normal
adults, the dichoptic masking suppression showed orien-
tation tuning both under high and low mask contrasts.
However, in amblyopia, the dichoptic masking suppression
was found to be orientation-tuned at high mask contrast, but
untuned at low mask contrast.

Acknowledgments

Supported by the National Natural Science Foundation of China
Grant (NSFC 31970975), the Natural Science Foundation for
Distinguished Young Scholars of Zhejiang Province, China
(LR22H120001), the National Key Research and Development
Program of China Grant (2020YFC2003800), and the Project of
State Key Laboratory of Ophthalmology, Optometry and Vision
Science, Wenzhou Medical University (No. J02-20210203) to J.Z.,
and the NSERC grant (228103), and an ERA-NET Neuron grant
(JTC2015) to R.FH.

Disclosure: L. Gong, None; L. Wei, None; X. Yu, None;
A. Reynaud, None; R.F. Hess, None; J. Zhou, None

References

1. Xiao S, Angjeli E, Wu HC, et al. Randomized Controlled Trial
of a Dichoptic Digital Therapeutic for Amblyopia. Ophthal-
mology. 2022;129(1):77-85.

2. Birch EE. Amblyopia and binocular vision. Progr Retinal Eye
Res. 2013;33:67-84.

3. Levi DM, Klein S. Hyperacuity and amblyopia. Nature.
1982;298(5871):268-270.

4. Kiorpes L, McKee SP. Neural mechanisms underly-
ing amblyopia. Curr Opinion Neurobiol. 1999;9(4):480-
480.

5. Gunton KB. Advances in amblyopia: what have we learned
from PEDIG trials? Pediatrics. 2013;131(3):540-547.

6. Stifter E, Burggasser G, Hirmann E, Thaler A, Radner W.
Monocular and binocular reading performance in chil-
dren with microstrabismic amblyopia. Br J Opbthalmol.
2005;89(10):1324-1329.

7. Attebo K, Mitchell P, Cumming R, Smith W, Jolly N, Sparkes
R. Prevalence and causes of amblyopia in an adult popula-
tion. Ophthalmology. 1998;105(1):154-159.

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

9. Hess RF, Howell ER. The threshold contrast sensitivity func-
tion in strabismic amblyopia: evidence for a two type clas-
sification. Vis Res. 1977;17(9):1049-1055.



Investigative Ophthalmology & Visual Science

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Orientation Selectivity in Amblyopia

Holmes JM, Clarke MP. Amblyopia. The Lancet.
20006;367(9519):1343-1351.

Huang CB, Zhou J, Lu ZL, Feng L, Zhou Y. Binocular
combination in anisometropic amblyopia. J Vis. 2009;9(3):
17.

Levi DM, Knill DC, Bavelier D. Stereopsis and amblyopia: a
mini-review. Vis Res. 2015;114:17-30.

Birch EE, Castafieda YS, Cheng-Patel CS, et al. Self-
perception in children aged 3 to 7 years with amblyopia
and its association with deficits in vision and fine motor
skills. JAMA Opbthalmol. 2019;137(5):499-5006.

Bossi M, Tailor VK, Anderson EJ, et al. Binocular therapy
for childhood amblyopia improves vision without break-
ing interocular suppression. Invest Ophthalmol Vis Sci.
2017;58(7):3031-3043.

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 Ophbthalmol Vis Sci. 2018;59(10):4190-
4197.

Beylerian M, Hess RF, Matonti F, Denis D, Chavane F,
Reynaud A. Interocular suppressive interactions in ambly-
opia depend on spatial frequency. Vis Res. 2020;168:
18-28.

Li J, Thompson B, Lam CS, et al. The role of suppression
in amblyopia. Invest Ophthalmol Vis Sci. 2011;52(7):4169—
4176.

Li J, Hess RF, Chan LY, et al. Quantitative measurement
of interocular suppression in anisometropic amblyopia:
a case-control study. Opbhthalmology. 2013;120(8):1672—
1680.

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

Birch EE, Morale SE, Jost RM, et al. Assessing suppression
in amblyopic children with a dichoptic eye chart. Invest
Opbthalmol Vis Sci. 2016;57(13):5649-5654.

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.

Black JM, Hess RF, Cooperstock JR, To L, Thompson B. The
measurement and treatment of suppression in amblyopia. J
Visualized Experiments. 2012;70:€3927.

Hess RF, Mansouri B, Thompson B. A new binocular
approach to the treatment of amblyopia in adults well
beyond the critical period of visual development. Restora-
tive Neurology Neurosci. 2010;28(6):793-802.

Li J, Thompson B, Deng D, Chan LY, Yu M, Hess RF. Dichop-
tic training enables the adult amblyopic brain to learn.
Current Biology. 2013;23(8):R308-R309.

Hess RF, Mansouri B, Thompson B. A binocular approach
to treating amblyopia: antisuppression therapy. Optometry
Vis Sci. 2010;87(9):697-704.

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

Levi DM, Harwerth RS, Smith EL. Humans deprived of
normal binocular vision have binocular interactions tuned
to size and orientation. Science. 1979;206(4420):852-854.
Harrad RA, Hess RF. Binocular integration of contrast infor-
mation in amblyopia. Vis Res. 1992;32(11):2135-2150.

Gao TY, Ledgeway T, Lie AL, et al. Orientation tuning and
contrast dependence of continuous flash suppression in
amblyopia and normal vision. Invest Opbtbalmol Vis Sci.
2018;59(13):5462-5472.

Gong L, Reynaud A, Wang Z, et al. Interocular Suppres-
sion as Revealed by Dichoptic Masking Is Orientation-
Dependent and Imbalanced in Amblyopia. Invest Opbthal-
mol Vis Sci. 2020;61(14):28.

Downloaded from intl.iovs.org on 08/19/2022

31.

32.

33.

34.

35.

30.

37.
38.
39.

40.

41.

42.

43.

44.

45.

406.

47.

48.

49.

50.

51.

52.

IOVS | June 2022 | Vol. 63 | No.6 | Article9 | 8

Bradley A, Freeman
anisometropic amblyopia.
1981;21(3):467-476.

Levi DM, Harwerth RS, Manny RE. Suprathreshold spatial
frequency detection and binocular interaction in strabismic
and anisometropic amblyopia. Invest Opbthalmol Vis Sci.
1979;18(7):714-725.

Levi DM, Harwerth RS. Spatio-temporal interactions in
anisometropic and strabismic amblyopia. Invest Ophthalmol
Vis Sci. 1977;16(1):90-95.

Sjostrand J. Contrast sensitivity in children with strabismic
and anisometropic amblyopia. A study of the effect of treat-
ment. Acta Opbthalmologica. 1981;59(1):25-34.

Rentschler I, Hilz R, Brettel H. Spatial tuning properties
in human amblyopia cannot explain the loss of optotype
acuity. Bebavioural Brain Res. 1980;1(5):433-443.

Wallace DK, Repka MX, Lee KA, et al. Amblyopia
Preferred Practice Pattern. Opbthalmology. 2018;125(1):
P105.

Loudon SE, Simonsz HJ. The history of the treatment of
amblyopia. Strabismus. 2005;13(2):93-106.

Berens C, Zerbe J. A new pinhole test and eye-dominance
tester. Am J Ophthalmol. 1953;36(7 1):980-981.

RD. Contrast sensitivity in
Invest Opbthalmol Vis Sci.

Brainard DH. The Psychophysics Toolbox. Spat Vis.
1997;10(4):433-430.
Pelli DG. The VideoToolbox software for visual

psychophysics: transforming numbers into movies. Spat Vis.
1997;10(4):437-442.

Huang PC, Baker DH, Hess RF. Interocular suppression in
normal and amblyopic vision: spatio-temporal properties. J
Vis. 2012;12(11):29.

Tsuchiya N, Koch C, Gilroy LA, Blake R. Depth of interocular
suppression associated with continuous flash suppression,
flash suppression, and binocular rivalry. J Vis. 2006;6(10):6.
Mendes M, Pala A. Type I error rate and power of three
normality tests. Pakistan J Inform Technol. 2003;2(2):135—
139.

Box GE. Some theorems on quadratic forms applied in the
study of analysis of variance problems, I. Effect of inequality
of variance in the one-way classification. Ann Mathematical
Stat. 1954;25(2):290-302.

Box GE. Some theorems on quadratic forms applied in the
study of analysis of variance problems, II. Effects of inequal-
ity of variance and of correlation between errors in the two-
way classification. Ann Mathematical Stat. 1954;25(3):484—
498.

Greenhouse SW, Geisser S. On Methods in the Analysis of
Profile Data. Psychometrika. 1959;24: 95-112.

van Doorn J, van den Bergh D, Bohm U, et al. The JASP
guidelines for conducting and reporting a Bayesian analysis.
Psychonomic Bulletin & Review. 2021;28(3):813-826.

Kelter R. Analysis of Bayesian posterior significance and
effect size indices for the two-sample t-test to support
reproducible medical research. BMC Medical Res Methodol.
2020;20(1):1-18.

Hallum LE, Shooner C, Kumbhani RD, et al. Altered
balance of receptive field excitation and suppression in
visual cortex of amblyopic macaque monkeys. J Neurosci.
2017;37(34):8216-8226.

Shooner C, Hallum LE, Kumbhani RD, et al. Asymmetric
dichoptic masking in visual cortex of amblyopic macaque
monkeys. J Neuroscie. 2017;37(36):8734-8741.

Baker DH, Meese TS, Hess RF. Contrast masking in strabis-
mic amblyopia: attenuation, noise, interocular suppression
and binocular summation. Vision Res. 2008;48(15):1625—
1640.

Meese TS, Georgeson MA, Baker DH. Binocular contrast
vision at and above threshold. J Vis. 2006;6(11):7-7.



Orientation Selectivity in Amblyopia IOVS | June 2022 | Vol. 63 | No.6 | Article9 | 9

53. Harrad R. Psychophysics of suppression. Eye. 1996; 56. Kwon M, Wiecek E, Dakin SC, Bex PJ. Spatial-frequency

10(2):270-273. dependent binocular imbalance in amblyopia. Sci Rep.
54. Lew WH, Stevenson SB, Coates DR. Stimulus dependence of 2015;5:17181.

interocular suppression. Sci Rep. 2021;11(1):1-12. 57. Mansouri B, Thompson B, Hess RF. Measurement of
55. Nurminen L, Angelucci A. Multiple components of surround suprathreshold binocular interactions in amblyopia. Vis Res.

modulation in primary visual cortex: multiple neural circuits 2008;48(28):2775-2784.

with multiple functions? Vis Res. 2014;104:47-56.

Investigative Ophthalmology & Visual Science

Downloaded from intl.iovs.org on 08/19/2022



