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Abstract

The discovery that binocular dysfunction may play a critical role in
the development of amblyopia has led to the development of a novel
approach based on contrast-rebalanced binocular stimulation of both eyes.
This approach, known as dichoptic stimulation, enables the treatment
of amblyopia by facilitating the cooperation of both eyes. Dichoptic
treatment approaches are founded on the theoretical premise that binocular
imbalance plays a significant role in both monocular and binocular
impairments in amblyopia, and that preserving binocular function
capacity is essential. Therefore, these approaches are designed to promote
the collaborative functioning of the eyes, enhance stereopsis, and improve
binocular fusion. This review systematically examines and synthesizes
the existing literature on dichoptic stimulation techniques aimed at
improving binocular function in the treatment of amblyopia. Based on
various studies in the literature, the fundamental principles of these
treatment methods are outlined, and the results obtained in comparison
to traditional monocular treatments are highlighted. The clinical efficacy
of dichoptic treatment methods is evaluated in terms of their contribution
to enhancing binocular function in amblyopia. Additionally, information
is provided regarding the outcomes, treatment durations, efficacy levels,
and potential side effects of these treatment approaches in different patient
groups. This review offers a comprehensive assessment of the integration
of dichoptic treatment approaches into clinical practice, highlighting
both their advantages and disadvantages, and aims to provide a guiding
perspective on their future use.
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Introduction

Binocular Dysfunction and Amblyopia

Amblyopia is defined as a visual impairment caused by
abnormal binocular interaction and disproportionate fusional
suppression in one or both eyes during early visual development
with no underlying abnormality or pathology detected with
routine eye examination."”® Although amblyopia can occur in
both eyes, it was historically considered a monocular condition
because visual acuity is typically affected in only one eye.
Consequently, traditional amblyopia treatments aimed to
improve the monocular visual acuity of the amblyopic eye by
suppressing the other (dominant) eye, which was thought to
be healthy.*?> While these treatments could be effective in
enhancing the visual acuity of the amblyopic eye, they did not
prevent the occurrence of residual or recurrent amblyopia, ocular
motor problems, fine motor issues, and contrast sensitivity
abnormalities in many individuals.?**

The discovery that binocular vision is necessary for the
amelioration of experimentally induced amblyopia in animal
models led to the hypothesis that binocular dysfunction plays
a critical role in the development of amblyopia.’® Subsequent
findings that balanced contrast in the two eyes can lead to
binocular vision were regarded as evidence of latent binocular
abilities in amblyopic individuals.”* Given that binocular
dysfunction is thought to be an important factor in the
development of amblyopia, many researchers suggest that
binocular approaches may play a significant role in the treatment
of amblyopia.>*** This perspective has led to the development
of a new dichoptic stimulation approach that relies on binocular
stimulation conditions forcing both eyes to collaborate on a
visual task by balancing the contrast differences between them.?
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Dichoptic stimulation involves presenting different images
to each eye and posing a visual task that can only be completed
by combining information from both eyes.?® These stimuli can
be provided using red/green anaglyph glasses (glasses with one
red and one green lens, used to view stereoscopic pictures/video
consisting of two images of the same object/scene taken from
slightly different angles), shutter glasses (glasses that brighten
and darken quickly in sync with the monitor, thus allowing a
common background to be presented to both eyes but allowing
the rich, moving image to be presented only to the amblyopic
eye), polarized glasses, virtual reality (VR) headsets, or low-pass
filters that reduce brightness in the dominant eye.

Dichoptic contrast stimulation involves presenting
different images with varying contrast levels to each eye, while
maintaining the same background contrast for both eyes. The
dichoptic manipulation of contrast is achieved by reducing the
contrast of the signal seen by the dominant eye to a point where
binocular combination is possible, thus eliminating suppression
from the dominant eye. This delicate balance point can vary for
each amblyopic individual. It is thought that allowing the eyes
to combine information under balanced contrast conditions and
repeatedly exposing the amblyopic individual to these stimuli
will progressively strengthen binocular fusion, eventually
resulting in smaller interocular contrast differences.?**-

Dichoptic approaches are based on the assumption that the
amblyopic visual system retains its binocular functional capacity
(latent binocular abilities).>** The primary objective of dichoptic
approaches is to restore binocular fusion and stereopsis, with
the expected secondary outcome of improved visual acuity in
the amblyopic eye.’ To achieve this, complementary dichoptic
stimuli are employed, such that the visual task can only be
resolved if both left and right eye information is integrated.**

The purpose of the present review is to evaluate dichoptic
stimulation approaches for the treatment of amblyopia in light
of published studies on the subject. Binocular approaches are
examined in three sections: the first section covers dichoptic
stimulation approaches designed to restore monocular visual
acuity; in the second section we discuss monocular perceptual
learning and dichoptic stimulation approaches aimed at restoring
binocular function; and the third section addresses active and
passive dichoptic stimulation approaches and dichoptic contrast
manipulation designed to restore binocular function.

1. Approaches Using Dichoptic Stimulation to Improve
Monocular Visual Acuity

The aim of these approaches is to develop an amblyopia
treatment alternative to patching therapy, enhancing visual
acuity in a fun, binocular format for children.*

Interocular Binocular Treatment System

Interocular binocular treatment system (I-BiT™) is a
VR-based computer system that uses dynamic stimuli for
preferential stimulation of the amblyopic eye without the need for
patching. The original I-BiT™ system features a 3D cyberscope,”
which allows rapid light and dark alternation synchronized with

the monitor, presenting a common background to both eyes
while a rich, dynamic image is delivered only to the amblyopic
eye. In this setup, two completely separate but visually related
images can be presented independently to each eye, similar to

a synoptophore.®"??

In this system, images are presented to the
eyes with various methods.”” These methods have been used to
develop different video clips and games. In the video clips, the
amblyopic eye sees a moving video, while the dominant eye sees
a stationary background. The games used in the [-BiT™ system
include a version of Pac-Man (Bandai Namco Entertainment
Inc., Japan) and a racing game. Studies implementing [-BiT™
are summarized in Table 1.33343:3¢

The I-BiT™ system was tested in a pilot study involving
6 children aged 5-7 years with anisometropic, strabismic,
or combined anisometropic/strabismic amblyopia in which
traditional treatments were refused or failed.”” The study
involved 1-2 treatment sessions per week, with each session
including 20 minutes of video viewing and a few minutes of
interactive gameplay. Treatment continued until the visual
acuity of the amblyopic children stabilized (11-22 months),
showing a mean improvement of 10 letters in logarithm of the
minimum angle of resolution (logMAR) visual acuity.*

In a multicenter, randomized controlled trial involving 75
patients aged 4-8 with strabismic, anisometropic, or mixed
amblyopia, the [-BiT™ system produced a visual acuity
improvement of 0.067 logMAR after 10 weeks.””> However,
no gains were observed in stereoacuity. It was concluded that
dichoptic stimulation with I-BiT™ did not provide a significant
advantage for the amblyopic eye. The limited success in the
study was attributed to the short treatment duration, a high rate
of previous treatment failures among the participants, and the
disadvantage of strabismic amblyopia in dichoptic stimulation
studies.**

I-BiT™ is considered an effective supplementary method
for amblyopia treatment, but no sustained improvement in
visual acuity was observed after it was discontinued.” Issues
with adherence in the I-BiT™ system have been pointed out,
mainly due to the prototype’s unsuitability for young children
and inability to be used at home.?*** Researchers also emphasized
the need for dichoptic images to be presented in alignment with
each eye’s fovea for success in strabismic and mixed amblyopia
cases.’!

2. Approaches Using Monocular Perceptual Learning
and Dichoptic Stimulation to Restore Binocular Function

Research has shown that performing a challenging visual
task repeatedly can enhance perceptual performance, particularly
in adults and older children in whom traditional treatments
have limited success in improving visual acuity.”>* However,
the limited improvement in visual acuity and the restriction
of perceptual learning due to monocular occlusion as a routine
treatment for amblyopia have been noted. To overcome these
limitations, researchers have developed alternatives with the aim
of providing perceptual learning under binocular conditions.
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Table 1. Studies implementing I-BiT™ to improve monocular visual acuity
Sample | Amblyopia Treatment Session Stereoacui Visual acuif Side
Studies Study type amp yop Age . duration/ Adherence | . ty A vy
size type duration improvement | improvement | effects
frequency
. Anisometropic, .
Waddingham ] o > 11-22 20 min, o
et al 2006 Pilot 6 str.ablsmlc, or |57 months P ., 100% N/A 10 letters None
mixed
Herbison et AT, 30 min 0.18
y N ) b o L
21722013 Pilot 10 str.ablsmlc, or |48 | 6weeks 1 e 90% N/A logMAR None
mixed
. . Anisometropic, .
Herbison et Randomized .. > 30 min, o 0.060 . X
42016 controlled 75 str.ablsmlc, or |48 | 6weeks LTty veek >90% None logMAR Diplopia
mixed
Rajavi et al.®® Randomized . . 30 min, 0.17
2016 controlled 50 Anisometropic | 3-10 | 4 weeks ks N/A N/A logMAR N/A
Rajavietal®® | Randomized . . 30 min, o 0.08
2019 controlled 38 Anisometropic | 3-10 | 4 weeks 5 davsfweek 87.5% None logMAR N/A
I-BiT™: Interocular binocular treatment system, N/A: Not applicable (not assessed or reported in study), logMAR: Logarithm of the minimum angle of resolution

Push-Pull Perceptual Learning Training Protocol

The visual sensory system can be shaped by competition from
binocular stimulus interactions and reciprocal inhibition between
the two eyes.”” In normally developed adults, reciprocal inhibition
between the eyes is generally balanced. However, disruption of
this balance results in sensory eye dominance.’” It is thought
that almost all individuals exhibit some degree of sensory eye
dominance.”® When this dominance becomes excessive, it leads
to disturbances in binocular vision through both excitatory and
inhibitory mechanisms.’” Amblyopia is described as a condition
in which excessive interocular inhibition of the amblyopic eye
occurs as a result of extreme sensory eye dominance.”

It has been reported that amblyopic individuals exhibit more
pronounced sensory eye dominance compared to healthy controls
with clinically normal visual acuity.® Push-pull perceptual
learning training (PPLT) was developed as a protocol to reduce
excessive sensory eye dominance in amblyopia and improve
stereopsis by simultaneously affecting the excitatory stimuli of
the amblyopic eye and the inhibitory stimuli of the dominant
eye.”” Traditional amblyopia treatments, such as occluding the
dominant eye, do not directly address sensory eye dominance.’’
PPLT is fundamentally designed to regulate the binocular
balance of excitatory and inhibitory interactions by suppressing
the dominant eye’s perception (pull) and stimulating the
amblyopic eye’s perception (push). It has been noted that this
training protocol effectively reduces sensory eye dominance,
improves stereoacuity, and significantly contributes to sensory
plasticity even in people with clinically normal binocular
3940 This method has been proposed as a potentially
effective treatment for amblyopia. However, the only clinical
study on PPLT conducted so far involved 36 children aged 4-17
with anisometropic amblyopia and 33 with normal visual acuity.

vision.?”?%

The 20-minute training sessions stimulated both the visual
cortex and the temporal lobe, highlighting the importance
of this method for regaining stereoacuity in anisometropic
amblyopia.?! The persistence of learning effects for more than
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4 months after training suggests that PPLT induces long-term
cortical plasticity.”®

Lazy Eye Shooter

Lazy Eye Shooter is a therapeutic video game created by
modifying the first-person action game Unreal Tournament
2004 (Epic Games, 2004, CA, USA). In this method, the
amblyopic individual views the same game scene on two different
screens using a stereoscope or video glasses (Figure 1). This
approach simultaneously provides perceptual learning, video
gameplay, and dichoptic stimulation. Amblyopic individuals
are asked to play a specially designed action video game with
monocular perceptual learning tasks, Gabor patches,” and
dichoptic stimulation. Gabor patches are sinusoidal gratings
featuring a pattern of diagonal black and white stripes enclosed
within a square frame.” They are commonly used in studies of
amblyopia, particularly in the context of perceptual learning. In
the dichoptic presentation method developed by Bayliss et al.®,
the same image (except for the Gabor patches) is shown to each
eye with reduced contrast for the dominant eye, with the aim of
encouraging binocular fusion. As part of the game, participants
are required to shoot at targets containing a Gabor patch while
ignoring those without it.”

In a study comparing Lazy Eye Shooter with occlusion
therapy in 38 adults aged 19-66, the game group showed a
significant improvement in visual acuity (0.14+0.01 logMAR)
after 40 hours of treatment.* Significant improvements were
also observed in stereoacuity, with a mean gain of 0.18=0.05 log
seconds of arc (arcsec). Additionally, participants who received
dichoptic and perceptual learning training showed markedly
enhanced contrast ssensitivity and reading speed and reduced fear
of losing vision in the dominant eye, with these improvements
remaining stable even after 2 months.

However, this therapeutic approach has some limitations.
Due to the inclusion of violent elements (weapons, blood, and
violence), Lazy Eye Shooter cannot be used for children.* The
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YOU GOT THE AMBLYOPIA BIO RIF

Figure 1. Lazy Eye Shooter game. Two game screens are shown. The good eye is shown the dimmed screen (right) and the amblyopic eye is shown the screen with the extra
object (Gabor patch; left) (Reproduced from Bayliss JD, Vedamurthy I, Bavelier D, Nahum M, and Levi D, “Lazy eye shooter: A novel game therapy for visual recovery in
adult amblyopia”, 2012 IEEE International Games Innovation Conference, Rochester, N'Y, USA, 2012, pp. 1-4, with permission from IEEE Proceedings)

requirement to play the game for approximately 40-50 hours
can also lead to boredom among participants. Additionally, the
Gabor patches as currently designed interrupt the flow of the

game and affect the player’s concentration.

3. Approaches Using Dichoptic Stimulation with
Contrast Manipulation to Restore Binocular Function

Interactive Approaches

Falling Blocks

Falling Blocks is a modified version of the game Tetris
(Tetris Inc., Honolulu, HI, USA). Tetris was chosen for dichoptic
stimulation due to its block-based structure, which enables

effective contrast customization.”

In the initial prototype
developed, the contrast balance ratio was calculated individually
for each person to determine how blocks should be presented to
the amblyopic and dominant eyes. The amblyopic individual
advances to higher levels by creating rows of blocks without
gaps. At higher levels, the difficulty of the game is raised by
recalculating the contrast balance ratio and increasing the block
fall speed, while maintaining an effect that does not significantly
impact game performance.”

The dichoptic stimulation in this game can be presented in
various ways. Knox et al.®® performed this application using VR
glasses in an office setting, while To et al.” used a touch-sensitive
iPod® Touch (Apple® Inc., Cupertino, CA, USA) without
requiring additional equipment in an office setting. However,
due to the need for a fixed head position and excellent fine motor
skills for manipulating the blocks, this design was not suitable
for younger amblyopic children.”” Consequently, the game was
modified to be played on a larger iPad® (Apple® Inc., Cupertino,
CA, USA) held at reading distance while wearing red/green

4748495051 Game elements are presented with

anaglyph glasses.
100% contrast to the amblyopic eye and lower contrast to the
other eye. The contrast used for the dominant eye is adjusted

based on the game duration and previous day’s performance,

with changes ranging from an increase of 10% to a reduction or
no change. Studies implementing Falling Blocks are summarized
in Tﬂble 2.47,48,50,51,52,53,54,55,56

Two multicenter randomized clinical trials conducted by the
Pediatric Eye Disease Investigator Group (PEDIG) compared
the effects of Falling Blocks therapy and occlusion therapy on
amblyopic eye visual acuity’®' These studies involved 385
children aged 5-12 and 100 adolescents aged 13-16 with
strabismic (£4 prism diopters {PD}), anisometropic, or mixed-
type amblyopia. In the trials, a 16-week home-based treatment
of 1 hour per day with the binocular Falling Blocks game was
compared to 2 hours per day of recommended occlusion therapy.
The touch device recorded game play duration and dominant eye
contrast automatically. Over the 16-week period, the binocular
treatment group completed at least 75% of the prescribed
treatment 22% of the time in the 5-12 age group and 13% of
the time in the 13-16 age group. Improvements were observed in
amblyopic eye visual acuity, with a mean gain of 1.05 lines (0.31
lines difference favoring occlusion) in the 5-12 age group and
0.74 lines (0.52 lines difference favoring occlusion) in the 13-16
age group. However, no significant changes in stereoacuity
measurements were reported in the binocular treatment groups
compared to baseline values.’*!

Overall, studies involving Falling Blocks therapy suggest
that this treatment may provide more significant improvements
in visual acuity and stereoacuity in amblyopic adults,©+47:48:49051
Differences in study outcomes may be attributed to whether
the contrast balance points were individualized, age-related
differences in attention or motivation, and variations between
controlled laboratory and home settings.®® PEDIG has suggested
that visual acuity improvements with Falling Blocks therapy
are not as effective as 2 hours per day of occlusion therapy.’®!
Possible reasons for these results include the timing of initial and
final evaluations and differences in treatment duration. In some
studies, patients were assessed after shorter treatment periods (4
weeks), >4 while in the PEDIG trials they were evaluated after
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Table 2. Studies implementing active dichoptic stimulation and dichoptic contrast manipulation designed to regain binocular function
. Stereoacuity . q
. Session . Visual acuity
Studies Study type S.amp le | Amblyopia Age Treatl.nent duration/ Adherence | MmProvement improvement | Side effects
size type duration (mean, log
frequency
arcsec)
Falling Blocks
. Anisometropic
48 )
it Case-control | 75 strabismic, or | 4-12 | 4 weeks 4 hours/week | N/A 11% 0.08:0.01 N/A
2014 . logMAR
mixed
. Anisometropic
47 )
L At Case-control | 50 strabismic, or | 3-7 4 weeks 4 hours/week | 59% None 0.14:0.02 N/A
2015 . logMAR
mixed
. Anisometropic, .
Ho(}m es et Randomized 385 strabismic, or 5-12 | 16 weeks 1 hour/week 22% None 1.05 lines Hetero'tropla,
al® 2016 controlled . diplopia
mixed
. Anisometropic. :
51 )
il Gl | et bt 100 strabismic, or 13-16 | 16 weeks 1 hour/week 13% None < leFters or Hete@tropm,
2018 controlled . 0.74 lines diplopia
mixed
Dig Rush
. Anisometropic,
Kelly etal* | Randomized . ’ 5 days/week, 1 0.15+0.08
2016 controlled 28 st@blsmlc, or 4-10 | 2 weeks hour/day 100% None logMAR None
mixed
. Anisometropic,
Kelly etal** | Randomized . ’ 5 days/week, 1 0.14+0.09
2018 controlled 41 st@blsmlc, or | 4-10 | 2 weeks hour/day 94% 4.46+0.79 logMAR N/A
mixed
. Anisometropic, .
Bl o Randomized 138 strabismic, or | 7-12 | 8 weeks 5 daysiweek, 1 97% None 2.3 letters Heterqtropla,
al*2019 controlled . hour/day diplopia
mixed
. Anisometropic. L
Manny et Randomized . ’ 5 days/week, 1 Diplopia
2152022 controlled 182 st@blsmlc, or | 4-6 8 weeks hour/day 78% None 1.3 logMAR
mixed
N/A: Not applicable (not assessed or reported in study), logMAR: Logarithm of the minimum angle of resolution, arcsec: Seconds of arc

a longer period (16 weeks).”*>! However, Li et al.* proposed
that visual acuity improvements from binocular treatment can
persist for up to 12 months. Another reason for the lack of a
larger effect may be that participants lost interest in the game,
highlighting the importance of addressing compliance issues
and developing more engaging treatment alternatives such as
immersive children’s games, binocular first-person action games,
and binocular film watching.

Dig Rush

Dig Rush is an action-adventure game played on an iPad
using red/green anaglyph glasses. Detailed information about the
game is presented by Kelly et al.’” The red/green anaglyph glasses
enable the presentation of distinct game elements to each eye. In
the game, high-contrast elements (miners and monsters) can
be seen by the amblyopic eye, while the low-contrast elements
(mining cart, gold, and fire) can be seen by the dominant eye
(Figure 2).> The game starts with the amblyopic eye’s contrast
set to 100%, while the contrast level of the dominant eye can
be adjusted by the clinician. Success in the game leads to an
increase in the dominant eye’s contrast, while a lack of success
over 30 minutes results in a reduction in contrast. The touch
device automatically records gameplay duration and dominant
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Figure 2. Dig Rush. High-contrast red elements (miners and fireball) are seen by
the amblyopic eye. Low-contrast blue elements (gold and platforms) are seen by the
dominant eye. Gray elements (rocks and ground) are seen by both eyes (Reproduced
from Boniquet-Sanchez and Sabater-Cruz’® with permission from Vision)
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eye contrast, adjusting the contrast based on the success rate.

Studies concerning Dig Rush are summarized in Table 2. In
two multicenter randomized controlled trials, PEDIG compared
the effects of Dig Rush on amblyopic eye visual acuity with those
of using glasses alone.””>® The first of these studies included 138
children aged 7-12 with strabismic (£4 PD), anisometropic,
or mixed amblyopia, and objective adherence to the therapy
was 58% at 4 weeks and 56% at 8 weeks. The binocular
treatment group showed an improvement in amblyopic eye
visual acuity of 1.3 letters at 4 weeks and 2.3 letters at 8 weeks.
However, no significant differences were observed in stereoacuity
measurements compared to baseline values.”

The age groups included in Dig Rush studies vary. Kelly
et al’*! included children aged 4-10, while the PEDIG
studies”>® involved children aged 7-12 and 4-6. Differences
in results among these studies have been attributed to the
varying age groups.”™> Older age groups may have a history of
previous amblyopia treatments (e.g., occlusion and atropine) or
may have reached a treatment plateau with limited additional
improvement from new therapies, making them less responsive
to binocular treatments. Younger age groups and/or children
who have not undergone amblyopia treatment previously might
be more responsive to binocular treatments. However, when the
same protocol was applied to children aged 4-6, visual acuity
improvements observed at 4 weeks were not maintained at 8
weeks. Variability in adherence to the prescribed treatment
duration has also been suggested as a reason for inconsistent
results.’* In the studies by Kelly et al.,>*>* higher adherence
rates (87-100%) were linked to significant improvements in
visual acuity and binocular outcomes. In contrast, the PEDIG
study found adherence rates of 56-75% among children aged
7-12 years.”” PEDIG attributed this to the design of the Dig
Rush game, which was assumed to be more appealing to
younger children, and therefore anticipated higher adherence in
a subsequent study involving children aged 4-6 years. However,
contrary to expectations, lower adherence rates of 43-57% were
observed in this younger age group.”® These findings suggest
that adherence to the Dig Rush game may vary depending
on age group and individual characteristics, highlighting the
importance of accounting for age-related differences when
evaluating the effectiveness of game-based therapies.

Vivid Vision®

Vivid Vision® (Vivid Vision Inc., San Francisco, CA, USA)
games provide a dichoptic visual experience using VR glasses.
Originally named Diplopia, the games are now known by the
company’s name, Vivid Vision®. In Diplopia mode, designed
in 2014 by Blaha (who himself suffered from strabismus and
amblyopia) and Gupta’, each eye receives a different image,
compelling the eyes to work together to succeed in the game. The
aim is to limit the information given to each eye, requiring the
player to integrate both visual inputs into a single coherent image.

In a pilot study involving 17 adults aged 17-69 with
anisometropic amblyopia, after 4 weeks of Vivid Vision® games
played in twice-weekly sessions lasting 40 minutes, there were

significant improvements in both visual acuity and stereoacuity
in the amblyopic eye (Figure 3).°® These improvements were
correlated with in-game test measurements, and no persistent
diplopia or other adverse effects were reported.”

However, Vivid Vision® games have limitations. Developers
note that simulator sickness® caused by VR glasses poses a
significant barrier, especially for children. Additionally, the VR
glasses’ inability to monitor changes in accommodation and the
design not fitting well around the head are other reasons why the
system cannot be used for younger children. There is also concern
about the risk of abnormal retinal correspondence developing in
strabismic amblyopia cases.

Passive Approaches

Contrast-Balanced Dichoptic Movies

Dichoptic films consist of long-format versions of popular
animated films or television programs presented in a dichoptic
format. These films can be viewed using polarized® ¢
shutter glasses,** VR headsets,” or specialized devices®® without

or

additional imaging equipment. An example of such a film is
shown in Figure 4.

In a pilot study involving 8 patients aged 4-10 years with
strabismic (5 PD), anisometropic, or mixed amblyopia, the
impact of watching dichoptic films in a laboratory setting
for 2 weeks, 3 times a week was evaluated in terms of visual
acuity, stereoacuity, and interocular suppression.®’ A significant
improvement in mean visual acuity of 2.0 logMAR was
reported in the amblyopic eye. No significant changes were
observed in stereoacuity or interocular suppression. This level of
improvement was notably greater in the younger age group (3-6
years) and in cases of severe amblyopia (=0.7 logMAR).? In cases
of anisometropic amblyopia with measurable stereoacuity values
(170 arcsec) at the start of treatment, there was a significant
increase in stereoacuity (85 arcsec) following treatment.®
Additionally, this gain in stereoacuity was significantly related
to both the initial visual acuity of the amblyopic eye and the
absolute improvement in visual acuity. Studies in which passive
dichoptic approaches were implemented are summarized in
Table 3.

In a study involving 17 amblyopic individuals with a mean
age of 34 years, it was demonstrated that patching the amblyopic
eye for 2 hours prior to therapeutic film sessions resulted in
significant visual acuity improvement in the amblyopic eye, with
sustained gains observed during a 1-month follow-up.® That
study indicated that short-term monocular deprivation might
activate binocular brain plasticity mechanisms through changes
in excitatory/inhibitory balance, potentially enhancing dichoptic
training outcomes.”

These findings constitute preliminary evidence that passive
dichoptic film training can improve stereoacuity in older
children and amblyopic adults. Furthermore, a 2-week treatment
period with films viewed 3 times a week was found to be
more effective in enhancing visual acuity and stereoacuity than
patching for 2 hours daily.®
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Figure 3. Vivid Vision® Ring Runner. This space game is designed with a dichoptic environment in which the central
part of the image is different. Colored doors and asteroids can only be seen with the amblyopic eye, while the spaceship
can only be seen with the dominant eye. The spaceship is presented to the dominant eye to prevent cheating, because if
all objects in the game are seen with the amblyopic eye, there is a risk chat the patient can monocularly use the amblyopic
eye by closing the dominant eye (Reproduced from Ziak et al.”® with permission from BMC Ophthalmology)

The most recent development in dichoptic films is
Luminopia™ One (Luminopia Inc., Cambridge, MA, USA) digital
therapy. As the first FDA-approved digital therapy, Luminopia™
One allows children aged 4-7 with anisometropia and/or mild
strabismus, under the supervision of an ophthalmologist, to
watch approximately 700 hours of popular television programs
and films through a VR headset.”” Given the issues associated
with VR headset use in younger children, Luminopia™ One
has been specifically designed with adjustable interpupillary
distance and a secure strap system to accommodate children’s
heads. The device’s therapeutic visual input, delivered to each
eye via the VR headset, is controlled by a software application
preloaded onto a smartphone.

Following encouraging results from a pilot study,® a
multicenter randomized controlled trial was conducted to
compare full-time refractive correction to 12 weeks of dichoptic
therapy using Luminopia™ One for 1 hour per day, 6 days per
week.” The results of the trial demonstrated that after 12 weeks
of treatment, amblyopic eye visual acuity was significantly better
in the dichoptic treatment group compared to the full-time
refractive correction group.

Controversial Aspects of Dichoptic Stimulation-Based
Binocular Approaches

Research involving binocular approaches using dichoptic
stimulation has increased interest in the development of amblyopia
treatments that directly address binocular dysfunction by
promoting binocular vision and reducing inhibitory interactions
within the visual cortex.>* Although improvements in
stereoacuity have been reported in pilot studies, 15475864 these
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100% 100%

100% 40%

Left eye image

Right eye image
(b)

Figure 4. Dichoptic film sections (a, b) at 10-second intervals. a) 100% contrast
of the images are presented to both eyes. b) High contrast image is presented to
the amblyopic eye, while low contrast image is presented to the dominant eye.
(Reproduced from Sauvan et al.”” with permission from Nezral Plasticity)
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Table 3. Studies implementing passive dichoptic stimulation and dichoptic contrast manipulation designed to regain binocular function
Session
! A T i i i
Studies Study type Sfunp ¢ Amblyopia type g¢ reatl'nent duration/ | Adherence .Stereo acuity Ylsual acuity Side effects
size (y) | duration improvement | improvement
frequency
Dichoptic movies
. Anisometropic,
. ol )
el Prospective 8 strabismic, or 4-10 | 2 weeks 3 days/week | N/A None 2 logMAR N/A
2015 cohort .
mixed
. Anisometropic.
Birch etal.®® | Prospective . ’ 0.15+0.10
2019 cohort 27 str-abxsmlc, or 4-10 | 2 weeks 3 days/week | N/A None logMAR N/A
mixed
S t Prospective Anisometropic,
auvan @ pective 117 strabismic, or | 9-67 | 2weeks | 3 days/week | N/A N/A 0.08 logMAR | N/A
al.® 2019 cohort A
mixed
. Anisometropic.
6 )
Jocieiel: Randomized 60 strabismic, or 3-7 | 2 weeks 3 days/week | 95% 0.12 log arcsec | 0.07 logMAR | N/A
2022 controlled .
mixed
Anisometropic
. ot )
i Gels Cohort 22 strabismic, or 3-11 | 8 weeks 1 hour/day 68% 165182 log OBz None
2017 . arcsec logMAR
mixed
Luminopia™ One
. . Anisometropic,
Xlaoé? al UEE S 105 strabismic, or 4-8 | 12 weeks L gy © 88.2% None 0.18 logMAR Headache,'
2022 controlled . days/week heterotropia
mixed
N/A: Not applicable (not assessed or reported in study), logMAR: Logarithm of the minimum angle of resolution, arcsec: Seconds of arc

results have not been corroborated by multicenter randomized
controlled trials. Key uncertainties remain regarding the optimal
reduction in contrast in the dominant eye, the rate of contrast
progression throughout treatment, and whether therapy should
continue once equal contrast is achieved.’®”! The variability in
amblyopia severity among individuals underscores the necessity
for personalized determination of initial and ongoing contrast
ratios for each amblyopic patient.”” Additionally, the lack of a
stereoacuity test that measures thresholds between 0 and 2000
arcsec has led to a decrease in the number of individuals with
measurable stereoacuity at baseline, and the use of different
stereoacuity tests across heterogeneous age groups may lead to
non-comparable results.® Furthermore, there is concern about
whether the improvements observed with binocular therapy are
due to learning effects. However, studies evaluating the visual
acuity of the dominant eye no significant increases, suggesting
that improvements in the amblyopic eye are not likely to be a
result Of learning'fr(],s1,55,56,61,62,63,64

To effectively deliver dichoptic-based binocular therapy,
reach the maximum number of patients, and compete with
monocular approaches, there is a pressing need for home-based
treatment alternatives.”” However, the most effective models in
vision therapy are typically office-based, doctor-supervised, and
tailored to individual patient goals. Moreover, inconsistencies
between electronic records of adherence to binocular therapy and
parent-reported adherence, uncertainties about actual use of the
required equipment, and the possibility that the therapy may
not be administered by the amblyopic patient themselves raise
questions about the reliability of home-based treatments.’*!>>>¢

In studies on binocular therapy involving participants
with strabismic or mixed-type amblyopia, only those with a
deviation angle of 4-5 PD or less following surgery or glasses
were included. Researchers have emphasized that results should
not be generalized to other forms of amblyopia, such as those
with a greater deviation angle or deprivation amblyopia (e.g.,
congenital cataracts).’*>

Since the mechanism of action of dichoptic stimulation-based
binocular treatments may involve anti-suppression pathways,
concerns have been raised that these therapies could be associated
with new-onset diplopia. However, diplopia has been rarely
reported in these studies.’**®

Although interest in binocular approaches for amblyopia
rehabilitation grows, the number of studies investigating the
effect of dichoptic stimulation on the crowding phenomenon
remains quite limited.®’ It is known that contrast sensitivity
loss in amblyopia increases the crowding effect under monocular
conditions. In perceptual learning-based amblyopia treatments,
it has been observed that as monocular contrast sensitivity
increases, the crowding effect decreases.”’ Early research has
shown that crowding can occur dichoptically, but comparisons
across studies are complicated by the selective nature of different
types of stimuli (such as stimulus similarity, context, and
attention).”” A few pilot studies of binocular approaches have
suggested that balancing the contrast gap between the eyes
through dichoptic stimulation may reduce the crowding effect.”
However, the lack of comprehensive research in this area hinders
our understanding of how binocular approaches may alleviate
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the crowding effect, thereby limiting their potential as effective
interventions in visual rehabilitation.

Conclusion

Dichoptic-based binocular therapies present promising
advances in the treatment of amblyopia by directly addressing
binocular dysfunctions and promoting binocular vision. These
approaches aim to reduce inhibitory interactions within the visual
cortex, potentially improving stereoacuity and alleviating the
crowding effect. Pilot studies have shown positive outcomes, but
these findings remain unconfirmed by large-scale, multicenter
randomized controlled trials. Key uncertainties persist regarding
optimal contrast reduction, progression rates, and the duration
of therapy once equal contrast is achieved. Additionally, the
variability in amblyopia severity among patients highlights the
need for personalized treatment protocols. While home-based
treatment models could increase accessibility and patient reach,
concerns about adherence and the reliability of self-administered
therapy raise questions about their effectiveness. Furthermore,
the potential for new-onset diplopia, though rare, remains
a consideration due to the mechanisms of anti-suppression
pathways involved. Despite these challenges, the development
of dichoptic therapies holds significant promise for amblyopia
treatment, particularly if future research addresses current
limitations and further clarifies the mechanisms behind the
crowding effect and its reduction.
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