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Purrose. To evaluate changes in visual acuity (VA) and stereoacuity in children with
amblyopia following monocular or stereopsis training delivered alongside standard clin-
ical care and to examine factors associated with training-related improvements in visual
outcomes.

MEerHoDs. Forty-three children with amblyopia (7.3-14.8 years; 37 anisometropic, five
strabismic, and one mixed) completed approximately 29 sessions of either monocular
training (grating acuity or motion discrimination targeting the amblyopic eye, 7 = 23) or
binocular stereopsis training (dichoptic disparity discrimination, 7 = 20). All participants
continued standard clinical management, including optical correction and prescribed
patching. Pre- and post-training assessments included amblyopic-eye VA, interocular
acuity difference (IOD), and Randot stereoacuity.

Resurrs. Both training protocols produced significant task-specific learning. Amblyopic-
eye VA improved significantly in both groups, with no evidence of differential effects
between training approaches. Stereoacuity also improved in both groups, with signifi-
cantly greater gains following stereopsis training than monocular training. Exploratory
analyses indicated that poorer baseline amblyopic-eye VA was associated with larger
VA gains; however, this association did not survive correction for multiple comparisons.
Stereoacuity improvement was not significantly associated with baseline VA, IOD, age,
or changes in VA.

Concrusions. Visual training combined with standard clinical care improved amblyopic-
eye VA and stereoacuity in children with amblyopia. Although both training approaches
yielded comparable gains in VA, stereopsis training produced larger improvements in
stereoacuity, supporting its potential role in addressing residual binocular deficits after
conventional treatment.

Keywords: amblyopia, perceptual learning, stereopsis training, binocular vision, visual
plasticity

mblyopia is a neurodevelopmental visual disorder aris-
ing from abnormal binocular experience during early
childhood, most commonly due to anisometropia, stra-
bismus, or form deprivation.! It is the leading cause of
visual impairment in children, affecting approximately 2%
to 4% of the population.?? Clinically, amblyopia is char-
acterized by reduced visual acuity (VA), impaired contrast
sensitivity, and deficits in stereopsis, often accompanied by
other visual and oculomotor abnormalities such as fixa-
tion instability, perceptual distortions, and accommodative
deficits.24~° Increasing evidence suggests that amblyopia
reflects disrupted binocular development, with long-lasting
consequences for cortical processing of input from both
eyes.’ 11
Patching therapy, typically involving occlusion or penal-
ization of the fellow eye, remains the standard first-line treat-
ment for young children with amblyopia.'? Although patch-
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ing improves VA in the amblyopic eye (AE), its effects on
stereopsis are limited, and many patients remain stereoblind
despite intensive treatment.!> Even when near-normal VA is
achieved, residual stereo deficits are common.'* In addition,
adherence to patching is often suboptimal,’® and monoc-
ular occlusion may further exacerbate interocular suppres-
sion and disrupt binocular balance.'®'7 Together, these
limitations have motivated increasing interest in adjunctive
approaches that target both monocular and binocular visual
function.

Perceptual learning is one such approach, in which
repeated visual training leads to experience-dependent
improvements in visual performance. Early work primarily
focused on monocular training of the AE using tasks such as
Vernier acuity, positional judgments, contrast detection, and
letter recognition in both adults and children.'®!° For exam-
ple, we previously showed that intensive monocular grating—
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acuity training yielded modest but significant improvements
in VA and associated gains in stereoacuity in children
with amblyopia.?’ However, although such approaches can
enhance AE sensitivity, they do not directly address binoc-
ular imbalance, and improvements in stereoacuity are often
limited.%2!

To overcome these limitations, binocular training
paradigms have been developed to directly target interoc-
ular imbalance and promote binocular integration.’ These
approaches typically involve dichoptic or signal combination
tasks in which information from the two eyes must be inte-
grated to complete the perceptual task.?>?7 Such training
has shown promise in improving both VA and stereoacuity in
amblyopia across both adult and pediatric populations.®-?%:?
Specifically, our previous work demonstrated that dichop-
tic de-masking training, where observers discriminate the
contrast of a Gabor stimulus presented to the AEs while
resisting dichoptic noise masking from the fellow eyes, can
improve and, in some cases, restore stereoacuity in children
with amblyopia, particularly in those with mild deficits.>

More recently, stereopsis-specific training paradigms
have been developed that directly target disparity process-
ing mechanisms.>'~% For example, Ding and Levi®! intro-
duced a stereo-depth discrimination training paradigm
that produced significant improvements in stereoacuity in
adults with long-standing amblyopia. These approaches
have further motivated the development of VR- and game-
based stereoscopic interventions, which offer engaging plat-
forms for pediatric training.>® However, substantial vari-
ability in training protocols, participant characteristics, and
outcome measures across studies has limited a clear under-
standing of how different perceptual learning approaches
differentially influence VA and stereoacuity in children with
amblyopia .37~

Despite growing interest in binocular approaches, rela-
tively few studies have directly compared monocular and
stereopsis-based training effects on both VA and stereoacu-
ity in children receiving standard clinical care. In particular,
it remains unclear whether training that explicitly engages
binocular disparity processing yields differential effects on
these two key clinical outcomes. To address this question,
the present study evaluated changes in VA and stereoacuity
in children with amblyopia who completed either monocu-
lar AE training or stereopsis training while continuing stan-
dard clinical management. We further examined associations
between baseline visual characteristics and training-induced
improvements to identify potential predictors of treatment
response.

METHODS
Participants

Forty-three children with amblyopia (37 anisometropic, five
strabismic, and one mixed anisometropic/strabismic), 7.3 to
14.8 years old, participated in the study. Participants were
randomly assigned to either a monocular training group (n
= 23; 12 boys, 11 girls; mean age = 10.2 £ 1.9 years; 20
anisometropic, two strabismic, one mixed) or a stereopsis
training group (# = 20; 10 boys, 10 girls; mean age = 10.3
=+ 2.2 years; 17 anisometropic, three strabismic).
Amblyopia was defined as best-corrected visual acuity
(BCVA) in the AE worse than 0.1 logMAR, with an inte-
rocular acuity difference of =20.1 logMAR. Anisometropia
was defined as an interocular refractive difference of 21.00
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diopter (D) in spherical or cylindrical error. Strabismus was
defined as a constant ocular deviation of 5 to 50 prism
diopters at either near or distance fixation.

All participants underwent comprehensive ophthalmo-
logic examinations, and appropriate refractive correction
was provided when necessary. Prior and ongoing clinical
management varied across participants and included spec-
tacle correction, patching therapy, or a combination of both.
Some children were newly diagnosed or had received little
or no prior treatment because of poor compliance. These
participants were prescribed refractive correction and had
worn their spectacles for at least 1 month before enrollment.
During the study, all participants continued their prescribed
clinical treatments, including spectacle wear and/or patch-
ing when indicated.

Demographic and clinical characteristics, including treat-
ment history, are summarized in Tables 1 and 2. The monoc-
ular and stereopsis training groups did not differ signifi-
cantly in treatment history (glasses only: 8 vs. 7; patching
only: 1 vs. 1; patching plus glasses: 8 vs. 4; untreated: 2 vs.
4; newly diagnosed: 4 vs. 4; Fisher’s exact test, P = 0.76),
prior treatment duration, and current patching regimen (all
P > 0.05). Given the absence of systematic between-group
differences and the modest sample size, these variables were
not included as covariates in the primary analyses.

The study was approved by the Ethics Committee
of Tengzhou Central People’s Hospital and the Institu-
tional Review Board of Peking University. Written informed
consent was obtained from parents or legal guardians.

Study Design

Participants completed three study phases: a pre-test assess-
ment, a training phase, and a post-test assessment (Fig. 1).
To minimize expectancy effects, outcome assessors were
unaware of the specific study hypotheses, and participants
were not informed of the predicted superiority of either
training condition. Visual function was assessed before and
after training and included BCVA measurements for the AE
and fellow eye (FE), as well as clinical stereoacuity measured
using the Randot Stereotest (Stereo Optical, Chicago, IL,
USA).

Participants in the monocular training group completed
either a grating acuity task or a motion direction discrimi-
nation task using only the AE and received an average of
28.5 =+ 6.5 training sessions (mean =+ SD). Eighteen children
completed the grating acuity task at a viewing distance of 4
meters. To control for potential effects of viewing distance,
five children in the monocular group completed the motion
discrimination task at a viewing distance of approximately
1 meter, matching the stereopsis training condition. Both
tasks were based on the same perceptual learning frame-
work targeting monocular visual processing and were there-
fore combined into a single monocular-training condition for
the primary analyses. Exploratory subgroup analyses were
conducted to evaluate potential task-specific effects. Partici-
pants in the stereopsis training group completed a stereopsis
training task and received an average of 28.9 £ 8.7 training
sessions.

For both groups, training sessions were conducted two to
five times per week, depending on participant availability,
over an average period of approximately 2.5 months. The
number of completed staircases varied across participants
and sessions, and a typical session lasted approximately 1
hour. The total number of training sessions did not differ
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TaBLe 1. Characteristics of Amblyopic Children in Monocular Training Group

Stereoacuity
VA (IogMAR) (Arcsec) Prior Current
Refractive Treatment Treatment Patching
Observer Age (Y) Sex Diagnosis Strabismus Eye Correction Pre Post Pre Post History Duration (Mo) Regimen (h/d)
M1 10.8 Female A None AE (L) +2.00 0.70 0.30 F 200 Glasses 12 8
FE (R) Plano 0.00 0.00
M2 8.5 Male A None AE (®) +7.00 0.52 0.30 F 400 Patching and glasses 48 8
FE (L) +7.50/—1.25 x 160 0.22 0.10
M3 10.8 Male A None AE (L) +2.75/—1.00 x 160 0.70 0.60 F F Glasses 5 8
FE (R) Plano 0.00 0.00
M4 8.7 Male A None AE (L) +4.25/—1.00 x 20 0.52 0.10 F 100 Untreated 0 8
FE (R) +0.75 0.00 0.00
M5 11.3 Male A None AE (R) +4.00 0.40 0.30 F 200 Glasses 24 6
FE (L) Plano 0.00 —-0.08
M6 9.8 Male A None AE (L) +1.50/—3.25 x 180 0.60 0.40 200 200 Glasses 12 8
FE (R) —-0.75 0.10 0.10
M7 8.8 Male A None AE (L) +3.25/—0.50 x 25 0.52 0.30 F 400 Newly diagnosed 0 8
FE (R) Plano 0.00 0.00
M8 13.0 Female A None AE (L) +4.00 0.40 0.22 F 200 Glasses 5 6
FE (R) Plano 0.00 0.00
M9 10.7 Male A None AE (L) +3.50 0.30 0.10 50 50 Patching and glasses 6 6
FE (R) Plano 0.00 —0.08
M10 8.0 Female A None AE (R) +3.50/—0.75 x 153 0.10 0.00 50 40 Patching and glasses 9 6
FE (L) +2.00 0.00 0.00
M11 12.5 Female A None AE (R) +4.00/—0.75 x 75 0.22 0.00 F 200 Patching and glasses 84 6
FE (L) +4.25 —-0.08 —0.08
M12 14.0 Male A None AE (R) +5.25/—1.00 x 115 0.30 0.10 F 40 Patching and glasses 6 6
FE (L) —0.50 —-0.08 —0.08
M13 9.2 Female S Esotropia AE (L) +3.25/—1.50 x 180 0.22 0.10 50 50 Glasses 72 2
FE (R) +2.50 0.10 0.00

Downloaded from iovs.arvojournals.org on 09/01/2026

eidoA|quiy ul Bululel] siISd0a1915 SNSISA JB|NDOUON

€| 699pPMY | 0L 'ON | £9710A | 920z 3snbny | sA0f



Investigative Ophthalmology & Visual Science

TasLe 1. Continued

Stereoacuity .
VA (logMAR) (Arcsec) Prior Current
Refractive Treatment Treatment Patching

Observer Age (Y) Sex Diagnosis Strabismus Eye Correction Pre Post Pre Post History Duration (Mo) Regimen (h/d)
M14 7.8 Female A None AE (L) +2.50 x 100 0.30 0.10 F F Untreated 0 6

FE (RB) Plano 0.00 -0.18
M15 12.5 Male A None AE (L) +4.75/-2.75 x 80 0.40 0.10 400 100 Patching and glasses 60 6

FE (R) +4.25/—1.00 x 170 0.10 0.00
M16 12.8 Male A None AE (R) +3.25/—1.00 x 110 0.52 0.30 F F Newly diagnosed 0 8

FE () —1.50 0.00 —0.08
M17 9.9 Female A None AE () +4.00/4+2.00 x 75 0.30 0.22 200 50 Newly diagnosed 0 6

FE (L) +4.00/4+1.75 x 90 0.10 0.10
M18 7.7 Female A&S Esotropia  AE (L) +2.75/-0.75 x 50 1.00 0.70 F 100 Patching and glasses 60 8

FE (R) +1.00/—0.50 x 175 0.00 0.08
M19 7.8 Male A None AE (R) +5.25/—0.75 x 152 0.10 0.10 50 50 Glasses 60 2

FE (L) +3.50/—1.25 x 8 0.00 0.00
M20 9.6 Female A None AE (L) +2.00 0.22 0.10 200 40 Patching 12 2

FE (R) Plano —0.08 —0.08
M21 10.6 Female A None AE (L) +4.00/—1.00 x 3 0.40 0.22 F F Patching and glasses 5 6

FE (R) Plano 0.00 0.00
M22 8.7 Female S Exotropia AE (L) +5.25/—1.25 x 2 0.60 0.22 F 140 Newly diagnosed 0 8

FE (R) Plano 0.00 0.00
M23 11.7 Male A None AE (L) +5.50/—1.00 x 10 0.52 0.40 F 400 Glasses 6 8

FE (R) —2.50 0.00 0.00

Diagnoses included anisometropic (A) and strabismic (S) amblyopia. Eyes were classified as AE or FE, and as left (L) or right (R). Stereoacuity was assessed using the Randot Stereotest;
participants who failed the test are indicated with an “F.” Strabismus was diagnosed using a cover test at 33 cm. Participants M1 to M18 completed the grating acuity task, and participants
M19 to M23 completed the motion discrimination task.
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TaBLE 2. Characteristics of Amblyopic Children in Stereopsis Training Group

Stereoacuity .
VA (logMAR) (Arcsec) Prior Current
Refractive Treatment Treatment Patching

Observer Age (Y) Sex Diagnosis Strabismus Eye Correction Pre Post Pre Post History Duration (Mo) Regimen (h/d)

S1 10.9 Female A None AE (L) +1.50 0.22 0.10 200 140 Patching 36 6
FE (R) —1.00 0.00 —0.08

S2 9.5 Female A None AE (B +2.50/40.75 x 95 0.40 0.22 200 140 Patching and glasses 6 6
FE (L) Plano 0.10 0.10

S3 7.5 Female A None AE (L) +5.00/—0.50 x 164 0.22 0.10 70 20 Glasses 4 6
FE (R) +1.00/—1.00 x 3 0.00 0.00

S4 8.7 Female A None AE (R) +4.25/—0.50 x 1 0.26 0.10 140 30 Untreated 0 6
FE (L) +1.75/-0.50 x 9 0.00 0.00

S5 11.2 Male A None AE (R) +5.00/—3.50 x 200 0.22 0.10 F 40 Glasses 24 6
FE (L) +2.50/—1.00 x 170 0.00 0.00

S6 8.6 Male A None AE (L) +5.50/—1.00 x 155 0.10 0.00 F 25 Patching and glasses 12 2
FE (R) +1.75/—0.50 x 10 0.00 0.00

S7 7.3 Female S Esotropia  AE (L) +3.00/-0.75 x 175 0.60 0.10 F 70 Glasses 4 8
FE (R) +3.00/—1.25 x 180 0.22 0.00

S8 8.4 Male S Esotropia  AE (L) Plano 0.52 0.30 140 70 Untreated 0 8
FE (R) Plano 0.00 0.00

S9 9.0 Male A None AE (L) +2.00/-1.00 x 155 1.00 0.70 F 140 Newly diagnosed 0 8
FE (R) Plano 0.00 0.00

S10 14.2 Male S Esotropia ~ AE (R) Plano 0.60 0.40 F 70 Untreated 0 8
FE (L) Plano 0.10 0.10

S11 10.0 Male A None AE (R) —1.00 0.10 0.00 70 25 Newly diagnosed 0 8
FE (L) +1.00/—0.50 x 180 0.00 0.00

S12 13.3 Male A None AE (L) +1.50/—0.50 x 2 0.40 0.30 F 40 Patching and glasses 36 6
FE (R) —0.50 x 180 0.00 0.00

S13 11.5 Female A None AE (L) +6.00/—0.75 x 79 0.52 0.40 200 140 Glasses 8 8
FE (R) —1.50/—0.50 x 7 0.10 0.10

S14 14.8 Female A None AE (R) —3.00/—0.50 x 178 0.22 0.22 F 70 Newly diagnosed 0 6
FE (L) +3.00/—4.00 x 179 0.00 0.00

S15 9.0 Male A None AE () Plano 0.92 0.70 100 20 Newly diagnosed 0 8
FE (R) Plano 0.22 0.22

S16 9.6 Female A None AE (R) +3.00/—0.50 x 1 0.22 0.22 F 20 Glasses 5 6
FE (L) Plano 0.00 0.00

S17 12.9 Male A None AE (R) +6.00/—1.25 x 176 0.30 0.10 F 100 Glasses 24 6
FE (L) +1.75/—0.50 x 167 0.00 0.00

S18 7.9 Female A None AE (R) +3.00/—3.50 x 170 0.22 0.10 F 40 Glasses 6 4
FE (L) +0.50/—0.50 x 160 —0.08 —0.08

S19 115 Female A None AE () +2.75 0.70 0.52 F 50 Untreated 0 6
FE (R) —0.75 0.10 0.10

S20 9.9 Male A None AE (L) +5.50/—1.00 x 155 0.60 0.30 F 200 Patching and glasses 4 8
FE (R) +1.75/—0.50 x 10 0.00 0.00

See Table 1 for definitions and assessment methods.
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Pre-test assessment: Visual acuity & Randot stereoacuity ‘

Monocular training (N=23)

Stereopsis training (N=20)

Post-test assessment: Visual acuity & Randot stereoacuity‘

Ficure 1. Study design. Participants completed pre-test assess-
ments of VA and Randot stereoacuity and were then assigned to
either a monocular training group or a stereopsis training group.
Following approximately 2.5 months of training, all participants
completed post-test assessments.

significantly between the monocular and stereopsis training
groups (P = 0.84, independent-samples -test).

Apparatus and Stimuli

All stimuli were generated using Psychtoolbox-3*4? and
presented on a 21-inch G520 CRT monitor (resolution, 2048

A

o0/
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x 15306 pixels; pixel size, 0.19 x 0.19 mm; refresh rate, 75 Hz;
Sony, Tokyo, Japan). The monitor had a mean luminance of
50 cd/m?, and luminance output was linearized using an 8-
bit lookup table. Eighteen children in the monocular training
group completed the grating acuity task (Fig. 2A left), and
five children completed the motion direction discrimination
task (Fig. 2A right).

The grating acuity task was adapted from our previ-
ous monocular perceptual learning paradigms in ambly-
opia.?’ High-contrast square-wave gratings oriented +45°
from vertical were presented monocularly to the AE at a
viewing distance of 4 meters, with the fellow eye occluded.
Stimuli consisted of binary luminance patterns within a fixed
square aperture (500 x 500 pixels). Spatial frequency was
manipulated by varying stripe width (half-cycle width), and
aperture size remained constant throughout the experiment.

The motion discrimination task was adapted from our
previous perceptual learning studies of motion processing.*?
Stimuli were presented monocularly to the AE at a view-
ing distance of 1 meter, with the fellow eye occluded. The
stimuli consisted of a band-limited dynamic luminance noise
pattern displayed within a circular aperture (6.5° diame-
ter) surrounded by an annular mask. Motion was gener-

. - 40 . S
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Ficure 2. Stimuli and behavioral results of monocular training. (A) Stimuli used in the monocular training tasks: grating acuity (leff) and
luminance-defined motion direction discrimination (right), presented to the AE. (B) Representative learning curves from two participants (M8
and M21) performing the grating acuity task (/eft) and motion direction discrimination task (righ?). Filled circles denote thresholds from the
first and final training sessions. Gray lines indicate linear regression fits to the session-by-session training data. (C) Grating acuity measured
during the first and final training sessions. Data points above the unity line indicate improved performance. Large symbols represent group
means, and small symbols represent individual participants. (D) Motion direction discrimination thresholds measured during the first and
final training sessions. Data points below the unity line indicate improved performance. Large symbols represent group means, and small
symbols represent individual participants. (E) Proportional improvement in the trained tasks, expressed as percentage change from the first
to the final training session. Small circles represent individual participants. Error bars indicate =1 SEM.
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Ficure 3. Stimuli and behavioral results of stereopsis training. (A) Stereoscopic stimuli used during training. Stimuli were presented dichop-
tically to the amblyopic and fellow eyes via a mirror stereoscope. On each trial, participants judged whether the upper grating patch appeared
nearer or farther relative to the lower zero-disparity reference patch. (B) Disparity thresholds measured during the first and final training
sessions. Data points below the unity line indicate improved performance (i.e., reduced disparity thresholds at the final session). Large
symbols represent group means, and small symbols represent individual participants. Error bars indicate 1 SEM. (C) Relationship between
first-session disparity threshold and training-induced improvement expressed in octaves. Each circle represents one participant. The solid
line indicates the linear regression fit, and the shaded area represents the 95% confidence interval. (D) Representative learning curves from
four participants: three with no measurable clinical Randot stereoacuity at pre-test (§7, S9, and S10) and one with measurable stereoacuity
at pre-test (S13; 200 arcsec). Filled circles denote thresholds from the first and final training sessions. Red lines indicate linear regression fits

to session-by-session data.

ated by translating a pre-generated noise texture across
successive frames at 4°/s using a sliding-window procedure.
The resulting motion was defined by systematic luminance
displacement over time and therefore represented a first-
order (luminance-defined) motion stimulus.

The stereopsis training stimuli were adapted from Ding
and Levi! At the beginning of each trial, dichoptic fusion
frames were presented through a mirror stereoscope to
facilitate stable binocular alignment. The fusion frames
were identical except for complementary monocular half-
cross cues, which fused perceptually into a complete cross.
When stable fusion had been achieved, stereoscopic stim-
uli consisting of two vertically aligned pairs of sinusoidal
gratings were presented dichoptically to the amblyopic and
fellow eyes (Fig. 3A). Each grating patch had a contrast of
48% and spatial frequency of 0.93 cycles per degree (cpd)
and subtended 2.4° x 2.4°. The lower grating pair served as
a zero-disparity reference, whereas the upper pair served
as the target and contained variable binocular disparity.
This configuration allowed participants to judge whether the
target appeared nearer or farther than the reference. Dispar-
ity was generated by introducing horizontal offsets between
the left- and right-eye images of the target pair while main-
taining zero disparity in the reference pair. Crossed dispar-
ities specified a target appearing nearer than the reference,
whereas uncrossed disparities specified a target appearing
farther away. This relative disparity design reduces depen-
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dence on absolute depth judgments relative to the screen
plane. To minimize positional adaptation, a small random
horizontal jitter was applied on each trial. The vertical sepa-
ration between the centers of the target and reference pairs
was 26 arcmin. The effective viewing distance was 0.93
meter, determined by the optical path length of the stere-
oscope.

Procedures

Grating Acuity Task. Stimuli remained visible until
a response was made. Participants performed a two-
alternative forced-choice (2AFC) orientation-discrimination
task, indicating whether the grating was tilted to the left
or right of vertical. Thresholds were estimated using a
3-down/1-up adaptive staircase procedure converging on
approximately 79.4% correct performance. The staircase
operated in log space with a fixed step size of 0.05 log units.
Stripe width (half-cycle width of the square-wave grating)
was constrained to a range of approximately 1 to 100 pixels.
Each staircase terminated after 10 reversals, and the thresh-
old was defined as the geometric mean of the last six rever-
sals. Thresholds were converted to spatial frequency (cpd)
based on the 4-meter viewing geometry.

Motion Direction Discrimination Task. Partici-
pants completed a temporal 2AFC motion-discrimination
task using a 3-down/l-up adaptive staircase. Each trial
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consisted of two sequential motion intervals presented
in randomized order. One interval contained a reference
motion direction (35° or 125°, counterbalanced across partic-
ipants), and the other contained a test stimulus differ-
ing in direction by a variable amount. Each stimulus
lasted 800 ms with a 200-ms interstimulus interval. Partic-
ipants indicated which interval moved in a more clockwise
direction.

The direction difference was adaptively controlled using
a staircase operating in log space (0.05 log-unit step size),
with values constrained between approximately 0.2° and 40°
(upper bound defined by pilot testing). Each staircase termi-
nated after 10 reversals, and the threshold was calculated as
the geometric mean of the last six reversals.

Stereopsis Task. Each trial began with fusion stimuli
to ensure stable binocular alignment. After fusion, partic-
ipants judged whether the upper grating pair appeared
nearer or farther relative to a zero-disparity reference below.
Stimuli remained visible until a response was made. Dispar-
ity thresholds were estimated using a 3-down/1-up staircase
in log space (0.05 log-unit step size). Disparity magnitude
was sampled per trial and randomly assigned as crossed or
uncrossed. Values ranged from 1 to 50 pixels, corresponding
to approximately 42 to 2100 arcsec at a viewing distance of
0.93 m. Each staircase terminated after eight reversals, with
the threshold defined as the geometric mean of the last six
reversals. Eight reversals were chosen based on pilot testing
to balance reliability and task duration in children.

Disparity was implemented as horizontal pixel offsets
between the two eyes and converted to visual angle
units based on viewing geometry. Because disparity was
discretized at integer-pixel resolution, sensitivity at very
small disparities was constrained by quantization. On the
first training day, participants completed a familiarization
block using large disparities to ensure task understanding.
In all tasks, responses were made via key press with no
response time limit, and auditory feedback was provided
following incorrect responses.

Visual Function Assessment

Monocular VA was measured using the Chinese tumbling E
chart, which consists of 14 lines with optotype sizes ranging
from 1.0 to —0.3 logMAR in 0.1-logMAR steps. Testing was
conducted at a viewing distance of 5 meters with the non-
tested eye occluded. Participants identified the orientation of
the optotype opening, and VA was recorded in logMAR units.
Stereoacuity was assessed using the Randot Stereotest under
standard room illumination. The test consists of contoured
circle targets spanning 10 disparity levels, ranging from 400
to 20 arcsec. Participants viewed the test plates at a distance
of 40 cm while wearing polarized glasses. Stereoacuity
thresholds were recorded in arcsec.

Data Analysis

Training Outcomes. Training-induced improvement
was quantified using measure-specific indices. For each
task, the first-session and final-session thresholds were
defined as the mean thresholds obtained in the first
and last training sessions, respectively. For the monocu-
lar training tasks, improvement was expressed as the rela-
tive change in threshold. Because improved grating acuity
corresponds to higher spatial-frequency thresholds, grat-
ing acuity improvement was calculated as (final-session
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threshold — first-session threshold)/first-session threshold.
In contrast, because improved motion discrimination corre-
sponds to lower discrimination thresholds, motion discrimi-
nation improvement was calculated as (first-session thresh-
old — final-session threshold)/first-session threshold. For the
stereopsis training task, improvement was quantified as the
reduction in disparity threshold expressed in octave units
and calculated as log,(first-session threshold/final-session
threshold), such that a value of 1 indicates that the final
threshold was reduced to half of the initial threshold.

Clinical Outcome Measures. For visual function
assessments, improvement metrics were defined accord-
ing to the properties of each measure. VA and interocular
differences were calculated as absolute pre-post changes
(in logMAR units). Clinical Randot stereoacuity improve-
ment was quantified using the same octave metric: log,(pre-
test/post-test). For participants who failed the Randot
Stereotest, a value of 500 arcsec was assigned, representing
performance below the measurable range. Sensitivity analy-
ses using alternative ceiling values and ordinal approaches
yielded comparable results (see Results).

Statistical = Analysis. Statistical analyses were
performed using JASP 16.3. Within-group pre-post compar-
isons were conducted using paired-samples #-tests. One-
sample -tests were used to test whether training-induced
changes differed from zero. Between-group differences
(monocular vs. stereopsis training) were assessed using
independent-samples f-tests and mixed-design analyses
of variance (ANOVAs). Baseline group comparisons were
performed using independent-samples #-tests for contin-
uous variables and Fisher’s exact tests for categorical
variables. Pearson correlation analyses were performed
to examine associations among participant characteristics,
baseline visual function, and training-induced improve-
ments. False discovery rate (FDR) correction was applied to
all correlation analyses to control for multiple comparisons.

REsuLrs
Monocular Training

Children assigned to the monocular training group (n# = 23)
completed an average of 28.5 £ 6.5 training sessions target-
ing the AE. Participants performed either the grating acuity
task (7 = 18) or the motion direction discrimination task (7
= 5). Figure 2B presents representative learning curves from
both tasks, illustrating examples of training-related improve-
ments over the course of practice.

For the grating acuity task, AE grating acuity increased
significantly from 18.5 + 4.0 cpd to 22.6 + 4.2 cpd (7 =
—7.91; P < 0.001; Cohen’s d = —1.86; log BF,, = 10.57)
(Fig. 2C). Consistent with this effect, most individual data
points were distributed above the unity line (Fig. 2C). The
proportional gain was significantly greater than zero, with
a mean improvement of 25.0% (SD = 20.2%; t;; = 5.24; P
< 0.001; Cohen’s d = 1.24; log BF,y = 6.01) (Fig. 2E). For
the motion discrimination task, motion thresholds decreased
significantly from 22.3° & 7.8° to 15.0° £ 7.0° (#; = 2.80; P
= 0.049; Cohen’s d = 1.25; log BF;, = 0.82) (Fig. 2D). The
proportional improvement was likewise significantly greater
than zero, averaging 32.3% (SD = 21.1%; t; = 3.43; P = 0.026;
Cohen’s d = 1.54; log BF;y = 1.25) (Fig. 2E). Together, these
findings indicate that monocular training produced signif-
icant improvements in performance on the trained visual
functions.
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Stereopsis Training

Children assigned to the stereopsis training group (n =
20) completed an average of 28.9 £ 8.7 training sessions
using a mirror stereoscope. On each trial, participants
judged whether the upper grating patch appeared nearer
or farther relative to a lower zero-disparity reference patch
(Fig. 3A). Figure 3D shows representative learning curves
from four participants, including three children with no
measurable clinical Randot stereoacuity at pre-test and one
child with a baseline Randot stereoacuity of 200 arcsec.

Disparity thresholds decreased significantly across train-
ing, from 348.2 + 145.3 arcsec in the first training session to
145.2 + 29.3 arcsec in the final training session (9 = 6.47;
P < 0.001; Cohen’s d = 1.45; log BF;, = 8.69 (Fig. 3B). Indi-
vidual data points were predominantly distributed below
the unity line, consistent with lower disparity thresholds at
the final session. The mean reduction in disparity threshold
was 1.15 £ 0.64 octaves, corresponding to a proportional
improvement of 50.7% £ 22.4%, both significantly greater
than zero (octave change: t;o = 8.08; P < 0.001; Cohen’s d
= 1.81, lOg BF10 = 11.57).

To examine whether learning-related improvements
depended on baseline stereo sensitivity, we assessed the
relationship between first-session disparity threshold and
octave improvement. Baseline thresholds were strongly
associated with improvement magnitude (Pearson r =
0.90; P < 0.001; log BFy, = 10.43; Spearman p = 0.93)
(Fig. 30), indicating that participants with poorer initial
stereo sensitivity tended to exhibit larger training-related
gains. Together, these results indicate substantial improve-
ments in stereoscopic depth discrimination following stere-
opsis training.

Visual Acuity and Stereoacuity Changes Following
Monocular and Stereopsis Training

Visual Acuity Outcomes. Figure 4 illustrates changes
in the two primary clinical outcome measures, VA and
Randot stereoacuity, following monocular and stereopsis
training. At pre-test, the two groups did not differ signif-
icantly in age, AE VA, or Randot stereoacuity (all P >
0.05, independent-samples f-tests), nor in diagnosis type or
treatment-related variables (Fisher’s exact tests, P = 0.53 and
P = 0.76, respectively), indicating comparable baseline char-
acteristics. AE VA improved in both groups following train-
ing, but FE VA remained stable. AE VA improved from 0.43
+ 0.04 to 0.23 £ 0.04 logMAR in the monocular group and
from 0.42 £+ 0.06 to 0.25 + 0.05 logMAR in the stereopsis
group (Fig. 4A).

A three-way mixed ANOVA with time (pre vs. post)
and eye (AE vs. FE) as within-subject factors and training
type (monocular vs. stereopsis) as a between-subject factor,
revealed significant main effects of time (¥4 = 95.75; P
< 0.001; nf,: 0.70) and eye (Fi 4 = 120.30; P < 0.001;
r]f, = 0.75). Neither the main effect of training type nor any
interaction involving training type reached significance (all
P > 0.65), indicating comparable VA improvements across
groups. Sensitivity analyses excluding newly diagnosed or
untreated participants yielded similar results, with no effect
of training type (P = 0.46; n; = 0.02; log BF;,;; = —0.38) and
no significant interaction involving training type (P = 0.77;
r]lz, = 0.003; log BF;,,; = —0.72).

Within the monocular training group, no difference in
VA improvement was observed between the grating acuity
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and motion discrimination subgroups (P = 0.85; Cohen’s d
= —0.10; log BF,, = —0.83), although this comparison was
limited by the small motion subgroup (n = 5).

Interocular VA difference. A two-way mixed ANOVA
on interocular acuity difference (IOD) showed a signifi-
cant main effect of time (Fy4 = 89.34; P < 0.001; nf, =
0.69, log BF;,; = 20.53), reflecting reduced interocular
differences after training. Neither the main effect of train-
ing type nor the interaction between time and training
type was significant (both P > 0.67) (Fig. 4B). Within the
monocular group, no significant difference was observed
between training subgroups (P = 0.78; Cohen’s d = 0.14; log
BF]() = —082)

Stereoacuity Outcomes. Both groups showed signif-
icant improvements in Randot stereoacuity, with greater
gains observed in the stereopsis training group. The monoc-
ular training group improved by 1.00 £+ 1.07 octaves, with
mean stereoacuity decreasing from 378.3 + 38.5 arcsec at
baseline to 215.7 £+ 36.5 arcsec post-training, correspond-
ing to a 38.0% reduction in the group mean stereoacuity. In
comparison, the stereopsis training group improved by 2.38
=+ 1.26 octaves, with stereoacuity decreasing from 356.0 +
184.2 arcsec to 72.5 £ 11.9 arcsec, corresponding to a 73.1%
reduction in the group mean stereoacuity (Figs. 4C, 4D).
The improvement was significantly greater in the stereop-
sis training group than in the monocular training group (#4
= —3.88; P < 0.001; Cohen’s d = —1.19; log BF,, = 4.27)
(Fig. 4D). Among participants with unmeasurable baseline
Randot stereoacuity, 11 of 15 in the monocular group and all
12 in the stereopsis group achieved measurable stereoacuity
at post-test.

Sensitivity analyses addressing ceiling effects yielded
consistent findings. Excluding participants with unmeasur-
able baseline stereoacuity reduced statistical significance (P
= 0.106), although the estimated effect remained in the same
direction (Cohen’s d = —0.74; log BF;p = —0.15). Analyses
using alternative ceiling substitutions (800 and 1000 arcsec)
produced consistent results (both P < 0.05; Cohen’s d =
—0.86 and —0.71, respectively). Similar conclusions were
obtained when stereoacuity levels were analyzed as ordinal
categories rather than using the numerical threshold value
(Mann-Whitney Utest, U= 81; P < 0.001; rank-biserial corre-
lation = —0.648).

Exploratory analyses revealed no significant differences
in Randot stereoacuity improvement between the grating
acuity and motion discrimination training tasks (P = 0.58;
Cohen’s d = —0.29; log BF,, = —0.74), nor between
anisometropic and strabismic participants (P = 0.70; Cohen’s
d = 0.17; log BF,, = —0.89). These analyses were limited
by small subgroup sizes (motion, # = 5; strabismus, n =
6). Overall, both training approaches produced comparable
improvements in VA and interocular balance, whereas stere-
opsis training yielded substantially greater improvements in
clinical stereoacuity.

Correlates of Training-Induced Improvements

To identify factors associated with improvement in the
two primary clinical outcome measures (VA and Randot
stereoacuity), we examined relationships among partici-
pant characteristics, baseline visual function, and training-
induced improvements across both training groups. Greater
VA improvement was associated with poorer pre-test AE
VA (r = 0.34; P = 0.026; log BF, = 1.14) (Fig. 5A). In
contrast, VA improvement was not significantly associated
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Error bars indicate £1 SEM.

with pre-test IOD (» = —0.26; P = 0.089, log BF;, = 0.21)
(Fig. 5B) or age (r = —0.17; P = 0.27; log BF;, = —0.53)
(Fig. 5C). Randot stereoacuity improvement (octave scale)
was not significantly associated with pre-test AE VA (r =
0.11; P = 0.47; log BF,, = —0.84) (Fig. 5D), pre-test IOD (r
= —0.04; P = 0.79; log BF,, = —1.04) (Fig. 5E), VA improve-
ment (» = 0.03; P = 0.85; log BFp = —1.06) (Fig. 5F),
reduction in IOD (r = 0.09; P = 0.57; log BF;, = —0.93)
(Fig. 5G), or age (r = 0.15; P = 0.34; log BF,y, = —0.67)
(Fig. 5H).
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We further examined whether improvement attained
during training predicted changes in clinical outcomes.
Within the stereopsis training group, training-task improve-
ment was not significantly associated with improvement in
either Randot stereoacuity (r = —0.38; P = 0.09; log BF;, =
0.36) or VA (r = 0.16; P = 0.50; log BFy; = —0.56). Simi-
larly, within the monocular training group, improvement
on the training tasks was not significantly associated with
improvements in clinical outcome measures (all P > 0.70).
Because these analyses were exploratory, FDR correction
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was applied. The association between poorer baseline AE VA
and greater VA improvement did not survive FDR correction,
and no other correlations reached significance after correc-
tion.

DISCUSSION

The present study investigated changes in VA and stereoacu-
ity in children with amblyopia who underwent visual train-
ing while continuing to receive standard clinical care. Both
monocular and stereopsis training were associated with
robust task learning and measurable improvements in clini-
cal outcomes. Improvements in AE VA were observed in both
groups, whereas larger gains in stereoacuity were observed
in children who received stereopsis training. These findings
suggest that, when combined with standard clinical care,
training approaches that engage binocular processing may
provide additional benefits for improving stereoscopic func-
tion in amblyopia.

Consistent with a large body of perceptual learning
research, both monocular and binocular training improved
AE VA.'® Previous studies have shown that monocular
training can enhance multiple aspects of visual function,
including positional acuity, grating and letter acuity, and
contrast sensitivity, primarily through improvements in
visual processing efficiency within the amblyopic visual
system.?*#4-4 Our findings extend this literature by demon-
strating that stereopsis training, despite specifically targeting
binocular processing, can produce VA improvements compa-
rable to those achieved with monocular training. This result
is consistent with recent reviews indicating that binocular
interventions do not consistently outperform conventional
monocular therapies in improving VA.37-3%47
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One possible explanation is that amblyopia fundamen-
tally reflects abnormal binocular interactions rather than
solely a monocular deficit.'*-?® Interocular suppression from
the fellow eye weakens the cortical representation of AE
inputs and affects both monocular and binocular visual func-
tions.'® By engaging coordinated processing of disparity
signals from the two eyes, stereopsis training may partially
rebalance binocular interactions and enhance the effec-
tive contribution of AE signals during binocular combina-
tion.?”314% Improved binocular balance may, in turn, facil-
itate more efficient utilization of AE inputs, leading to
improvements in VA despite the absence of direct acuity
training.® Thus, the VA improvements observed follow-
ing stereopsis training may reflect transfer from binoc-
ular processing to monocular visual function, although
the mechanisms underlying such transfer remain to be
established.

In contrast to the comparable VA gains, stereopsis train-
ing produced substantially larger improvements in Randot
stereoacuity. This finding is consistent with our previ-
ous work demonstrating that dichoptic training in adults
with amblyopia yields additional stereoacuity gains beyond
monocular training.? It also aligns with evidence that stereo-
scopic three-dimensional video game training produces
greater improvements in stereoacuity than comparable two-
dimensional training.” Neurobiological and psychophysi-
cal studies indicate that stereopsis depends on accurate
integration of signals from both eyes and is particularly
vulnerable to interocular suppression and abnormal
disparity processing in amblyopia.#20:5°-5> By engaging
binocular mechanisms involved in stereoscopic percep-
tion, stereopsis training may strengthen the contribu-
tion of AE inputs to binocular combination and enhance
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disparity processing.?1:?>%° This framework may help

explain why training approaches that incorporate binocu-
lar stimulation appear particularly effective for improving
stereoacuity.

Notably, a subset of participants transitioned from
unmeasurable to measurable stereoacuity on the Randot
test following training. Although post-training stereoacuity
in these participants generally remained relatively coarse,
such transitions may nevertheless indicate clinically mean-
ingful gains in stereoscopic function. Given the discrete
disparity levels of the Randot test, some degree of measure-
ment variability cannot be excluded, and these findings
should therefore be interpreted with caution. However, the
consistency of this pattern across both training groups
argues against random measurement variability as the sole
explanation. Consistent with the possibility that training-
related improvements reflect enhanced binocular function,
our previous work demonstrated that dichoptic de-masking
training improved, and in some cases restored, stereoacu-
ity in amblyopic children despite relatively limited changes
in interocular acuity difference.®® Together, these find-
ings suggest that improvements in stereoacuity may reflect
enhanced binocular processing, although the specific mech-
anisms remain to be determined.

Exploratory analyses did not identify reliable predictors
of treatment response. Although poorer baseline AE VA was
associated with larger VA gains at the uncorrected level,
this association did not remain significant after correction
for multiple comparisons. Similarly, stereoacuity improve-
ment was not significantly related to baseline VA, interoc-
ular acuity difference, age, or changes in VA. In addition,
learning attained during stereopsis training was not signifi-
cantly associated with improvements in Randot stereoacuity.
This lack of association may reflect differences between the
training task and the Randot assessment in stimulus charac-
teristics and measurement properties, such that they capture
partially distinct aspects of stereoscopic processing. Alter-
natively, the present study may have had limited power to
detect modest relationships between training-task learning
and transfer to clinical measures. Although these analyses
did not identify robust predictors of improvement, the over-
all pattern is consistent with the possibility that monocular
and binocular deficits represent partially distinct aspects of
amblyopia. Within this framework, gains in VA may depend
more strongly on improvements in AE visual sensitivity,
whereas gains in stereoacuity may rely on binocular mecha-
nisms that are not fully reflected in conventional monocular
clinical measures.”

These findings have several potential clinical implica-
tions. Participants continued to receive standard clinical
treatment throughout the training period, including patch-
ing therapy, optical correction, or both. Consequently, the
observed improvements likely reflect the combined effects
of conventional clinical management and visual training
rather than the independent efficacy of either component.
Within this context, both training approaches were associ-
ated with significant improvements in AE VA, supporting the
potential utility of perceptual learning-based interventions
as adjunctive therapies. Notably, stereopsis training was
associated with greater improvements in stereoacuity than
monocular training under the same clinical conditions,
suggesting additional benefits for residual binocular deficits
that often persist despite conventional treatment.'4-37
Although binocular training may not be sufficient as a
standalone intervention, combining binocular training with
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established clinical therapies may provide a more compre-
hensive rehabilitation approach, particularly for children
who achieve satisfactory VA but continue to exhibit impaired
stereopsis.*

Several limitations should be considered. First, partici-
pants continued to receive individualized clinical manage-
ment during the training period, including optical correc-
tion and patching when clinically indicated. Because these
treatments were not experimentally controlled, the present
study cannot disentangle the effects of visual training from
those of concurrent clinical care. This, together with the
relatively short training duration and the absence of long-
term follow-up, limited our ability to evaluate the durabil-
ity of the observed improvements and the independent effi-
cacy of the training paradigms. Second, most participants
had anisometropic amblyopia, with relatively few cases of
strabismic or mixed amblyopia. Although the two train-
ing groups were well matched at baseline, the predomi-
nance of anisometropic cases and the modest sample size
may limit the generalizability of the findings and reduce
statistical power to detect subtype-specific effects. Third,
although the training protocols were based on previously
validated paradigms?’314> and employed a common adap-
tive staircase procedure, the tasks differed in their visual
demands. In addition, differences in stimulus parameters
and viewing distance across tasks may have introduced vary-
ing accommodative and vergence requirements,”’>>® which
should be considered when interpreting differences in train-
ing effects. Finally, the mechanisms underlying training-
related improvements in stereoacuity remain incompletely
understood. Interocular acuity difference was used as an
indirect index of binocular imbalance, but changes in this
measure were not significantly associated with stereoacu-
ity improvement. Moreover, neither interocular suppression
nor eye movements, including vergence responses, were
directly measured. As a result, the relative contribution of
different binocular mechanisms to the observed improve-
ments remains unclear. Future studies incorporating larger
samples, controlled treatment protocols, extended follow-
up periods, and direct assessments of interocular suppres-
sion and eye movements will be important for clarifying
both the mechanisms and long-term efficacy of binocular
training.
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