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Abstract

Amblyopia or lazy eye is a dysfunction of the visual system that appears during childhood and traditionally has been consid-
ered untreatable in adults. Its main consequences are the loss of visual acuity and contrast sensitivity of the amblyopic eye
and binocular vision impairments. During the last years videogames have been used as a therapeutic tool for amblyopia with
the inconclusive results. The present work has assessed the effectiveness of a virtual reality videogame (AmbliOK®) in the
neurorehabilitation of four adult clinical cases with anisometropic amblyopia. Visual acuity, contrast sensitivity, stereopsis
and interocular suppression were assessed before, during, immediately after, one month and one year (in one patient) after
the training. The intervention was conducted along four weeks (10 h) and yielded the variable results. In general, all patients
showed an improvement in visual functions although not all ameliorated in the same way. Visual acuity measures improved in
all patients, falling outside the amblyopia criterion at the end of the treatment. However, the improvement was not maintained
one month later in two patients. Contrast sensitivity progressively improved for the amblyopic and the fellow eyes with all
patients showing better results one month after the treatment. The patient assessed one year after still showed better results
than in the baseline. Patients showing bad stereopsis in the baseline reached a performance considered normal one month
and even one year after the treatment. The effectiveness of the treatment seems to be related to the characteristics of patients.
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1 Introduction

Visual development takes place as result of a process of neu-
rological maturation from birth to around the age of 8 years.
As the first years of life are decisive in this process, any
deficit regarding visual stimulation during critical periods
of development interferes with the maturation of the visual
brain, cutting off sensory processing and impairing percep-
tive mechanisms. This leads to a functional visual deficit
that does not require injury or structural alterations in the
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eye named amblyopia (Capetillo et al. 2011).

Amblyopia or “lazy eye” has a prevalence of 1-5%
(Bonaccorsi et al. 2014), and is commonly associated
with uncorrected strabismus, anisometropia (high differ-
ence in refractive error between eyes), or cataract induced
privation (Huang et al. 2011). Amblyopia mainly affects
functions like visual acuity (VA), contrast sensitivity (CS),
movement sensitivity or stereopsis (Bonaccorsi et al. 2014;
Levi 2015). All these visual functions have an important
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role in daily activities (Hayhoe 2009). Another important
characteristic of amblyopia is suppression. When one eye
is turned, binocular normal vision is impaired producing
diplopia or confusion. To avoid such sensory abnormali-
ties, suppression works as an adaptative mechanism of the
brain. Thus, the brain inhibits the image coming from the
turned eye (Gil-Gibernau 1997; Merchante 2013; Kanski
2016).

Although the literature has traditionally focused on
monocular deficits associated with the amblyopic eye, func-
tional imbalance between the two eyes can lead to changes
that also affect to the fellow eye, as well as binocular interac-
tions between both eyes (Harrad and Hess, 1992; Harweth
1983; Mitchell et al. 2003; Smith and Trachtenberg, 2007).
In clinical practice, there exist two classical treatments for
amblyopia: refractive correction and occlusion of the fellow
eye, and “penalization” treatment with atropine of the fellow
eye. These treatments are considered as passive methods and
both are employed during childhood, until 8 or 9 years old
(Bonaccorsi et al. 2014). Not so many years ago, research-
ers were convinced that when critical periods ended it was
impossible to modify the cortical representation of the weak
eye (Bonaccorsi et al. 2014; Spolidoro et al. 2009). However,
recent research has shown the possibility of brain plasticity
in adults. Several studies have found that after monocular
deprivation (a model of amblyopia), binocular activity was
recovered with appropriate stimulation in adulthood (Berardi
et al. 2003; Fagiolini and Hensch 2000; He et al. 2006, 2007,
Spolidoro et al. 2009). Furthermore, anatomical and func-
tional neural changes have been described (Bonaccorsi et al.
2014; Antonini et al. 1999; Mataga et al. 2004; Oray et al.
2004). Thereby, the possibility of treating amblyopia in
adulthood has become a reality. With this premise and the
idea of binocular stimulation as promoter of neuronal plas-
ticity, dichoptic treatments have been used in the last years.

Dichoptic treatments work displaying the same back-
ground for both eyes, but the amblyopic eye also receives
enriched stimuli. This treatment is based on the hypothesis
that amblyopic patients have an intact binocular visual sys-
tem, which becomes functionally monocular due to sup-
pression mechanisms (Foss, 2017; Hess et al. 2011; Hess
and Thompson, 2013; Levi et al. 2015). The advantage of
a dichoptic treatment is the possibility of stimulating both
monocular and binocular processes at the same time. How-
ever, amblyopia is more than a VA impairment. Other func-
tions such as CS and stereopsis should be also trained. In
order to improve CS and stereopsis, besides VA, perceptual
learning has become part of treatment for amblyopia in the
last years. Perceptual learning training consist of visual tasks
that involve the discrimination of small stimuli features like
position, orientation, shape, or texture (Bonaccorsi et al.
2014). Thus, perceptual learning training has demonstrated
the possibility of recovering visual deficits (Polat 2009), or
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amblyopia (Levi and Li 2009; Li et al. 2007; Polat et al.
2004).

In the last years, as a result of technology development,
many traditional instruments are being substituted by com-
puter applications. In the case of amblyopia, its treatment
has been favored with the use of virtual reality (VR) (Foss
2017). VR is a versatile tool that allows clinicians to adapt
it to each specific disorder, particularly in the field of sen-
sory rehabilitation and amblyopia treatment. Thus, VR has
a number of advantages: (1) it is a low-cost procedure; (2)
professionals can design the task within a wide range of
adjustable parameters in monocular and binocular environ-
ments (Hernandez-Rodriguez et al. 2020); (3) VR is com-
patible with high-precision functional imaging techniques,
like functional magnetic resonance imaging (fMRI), which
allows the clinicians to present multimodal stimuli with a
high degree of validity and ecological control while record-
ing changes in subject’s brain (Coco-Martin et al. 2020);
(4) The immersion feeling through head-mounted-devices
(HMD) is another important characteristic of VR. HMDs
introduce patients into a colorful, attractive and powerful
environment to improve their performance and to go on
through levels. This enhances motivation and increases
patient’s participation (Arlati et al. 2017; Coco-Martin et al.
2020; Hernandez-Rodriguez et al. 2020).

VR allows to combine the characteristics of dichop-
tic strategies and perceptual learning. VR headsets are
equipped with two separate lenses which allow to display
different images to each eye, therefore, researchers can con-
trol which stimuli are presented to each eye separately, as
well as the stimuli features such as the level of contrast.
Although research has mainly focused on children, there are
some studies with adults showing that the age of treatment
is not a barrier for visual rehabilitation. Saraiva et al. (2018)
using Google Cardboard reported that 98% of the patients
improved after the treatment. In this work the authors devel-
oped an ocular therapy treatment procedure for strabismic
patients based on eye movement exercises. Ziak et al. (2017)
used the Oculus Rift DK2 headset to play a game called
Diplopia Game (Vivid Vision, San Francisco, USA). Two
games were employed: a space game in which patients were
flying a spaceship through a set of rings and an Arkanoid-
type game, both played in a 3D setting. Ziak et al. (2017)
found that both VA and stereoacuity improved after training.
Nevertheless, although some studies have used applications
such as videogames, videoclips or smartphone applications
to treat amblyopia, most of them have not been developed by
eye care professionals or in a VR environment either (Paudel
2018).

In the present work we have used the Oculus Rift head-
set along with a videogame designed for amblyopia treat-
ment called AmbliOK®. As a pilot study our goal has been
to evaluate the effectiveness of this treatment in a group of
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adult anisometropic patients assessing the effect of the inter-
vention across VA, SC, stereopsis and suppression measures.
It is important to assess as many variables as possible, as the
effect of the treatment can be different for each variable. All
the variables have been assessed before, during, immediately
after and at least one month after the treatment in order to
detect immediate and long-time effects.

2 Methods
2.1 Participants

This study is composed by a series of four cases of ani-
sometropic amblyopia. As criterion for amblyopia a mini-
mum visual acuity difference of 0.2 logMAR (ETDRS Sloan
Optotypes) between the two eyes was considered. Exclusion
criteria were the presence of eye pathologies, for instance
ocular deviations and affections of the macula or the optic
nerve, and the use of drugs that may interfere with the train-
ing or the assessment of visual functions. To recruit the
participants several advertisements were posted on different
social networks and across the campus. A total of 10 people
contacted the research team and the appropriate evaluations
were made. After these initial evaluations, only 4 met the
inclusion criteria and the others were discarded for different
reasons: 3 candidates did not meet the criteria for amblyopia,
1 was using anxiolytics and antidepressants, and 2 showed
micro-strabismus.

Participant number one is a 63-year old woman with ani-
sometropic amblyopia on the right eye. She received occlu-
sion treatment with orthoptic patch at 8 years. She did not
need refractive correction until she was diagnosed with pres-
byopia and astigmatism in adulthood.

Participant number two is an 18-year old man with aniso-
metropic amblyopia on the right eye. He received occlusion
treatment with orthoptic patch at 6 years.

Participant number three is a 25-year old man with aniso-
metropic amblyopia on the left eye. He did not receive any
treatment in childhood. He abandoned the treatment with
AmbliOK on the third week for reasons no related to the
investigation.

Participant number four is a 42-year old woman with ani-
sometropic amblyopia on the left eye. She received occlu-
sion treatment with orthoptic patch at 7 years.

All patients received information about the research and
signed the informed consent form.

2.2 Initial assessment of ocular structure
and function

In order to discard possible ocular pathologies and estab-
lish a baseline for our study variables, different ophthalmic
instruments and optometric tests were used:

Slit Lamp (Essilor SL) with SL 990 5X biomicroscopy®
is to examine the anterior surface and bottom of the eye.
With this test it is possible to detect diseases like glaucoma,
cataract, or macular degeneration.

VRK-1900 Autoref-Keratometer® was used to measure
the refraction value of each eye, interpupillary distance,
pupil diameter, the angle axis and corneal curvature.

Cover-uncover test was used to discard any possible ocu-
lar deviation.

Optical coherence tomography was used to assess the
state of the retina, the structure of the optic nerve and the
macula.

2.3 Evaluation of visual function variables

Several optometric tests were conducted in order to establish
a baseline for all the variables and the subsequent effects
of the treatment. Visual functions were also evaluated
weekly during the intervention phase, one month after (in
all patients) and one year later (in one patient). Optometric
tests were carried out at QVision S.L. Clinic of Almeria.

The Worth four dot test provides qualitative information
of binocular function, binocular rivalry (suppression) and
flat fusion. The participants were required to wear red-green
filters in order to control the input from different stimuli.
The evaluation was made 400 cm from the screen, placed
160 cm from the floor. Stimuli were displayed on a VIC-
1900(P) monitor (ViewM Technology Ltd. Gyeonggi-do,
South Korea).

The ETDRS Optotype (Precision Vision, Woodstock, Illi-
nois, USA) is the most used instrument to determine static
visual acuity. ETDRS provides a maximum value of -0,3
logMAR and a minimum value of 1,0 logMAR. 1,0 value
shows poor vision, while a subject with appropriate visual
function gets around 0.0 logMar values. Values below 0.0
means a better visual acuity than normal. Following the
standard consideration for research purposes, 400 cm of
distance was set from the chart to the subject. Illumination
of the cabinet was fixed at standard criteria of 85 cd/m?.

A CSV 1000 E (Vector Vision, Greenville, Ohio, USA)
was used to evaluate contrast sensitivity with four spatial
frequencies (3, 6, 12 and 18 cycles per degree) and eight
contrast levels. Low spatial frequencies assess the sensitivity
of very large objects. On the contrary, high spatial frequen-
cies assess the sensitivity of very small objects. The chart
was placed 160 cm from the floor and the participants were
set at 250 cm from the chart.

The titmus test or fly test with Lea symbols P/N 1000
(Vision Assessment Corporation, Elk Grove Village, Illinois,
USA) was used to measure gross and fine stereopsis. The
graded circle test was used to assess fine stereopsis in the
range from 400 to 20 s/arc.

@ Springer



388

Virtual Reality (2023) 27:385-396

2.4 Hardware and videogame for visual treatment

We used a PC (Intel® Core™ i7-2600, 16 GB RAM, Nvidia
GeForce 970GT 8 GB) and the Oculus Rift DK2 headset
(Oculus VR LLC, Irvine, California, USA) for displaying
the game.

AmbliOK® (NeuroDigital Technologies SL, Almeria,
Spain) was used as rehabilitation software. AmbliOK is
based on the classic videogame Arkanoid, with a Halloween
inspired aesthetic. The videogame displayed a two-dimen-
sional scenario in which different objects were included: a
ball moving across the screen, a pad at the bottom of the
screen, which the participant could move horizontally by
using the keyboard left and right arrow keys in order to
intercept the ball. Halloween pumpkins were displayed in
the upper half of the screen which blew up when the ball
impacted them. The game goal was to destroy all the pump-
kins while avoiding the ball fall through the bottom of the
screen. All elements were displayed binocularly except
the ball which was displayed to the amblyopic eye only.
AmbliOK® has four levels of difficulty (incrementing the
ball’s speed). During the four weeks of treatment the four
levels were used (Fig. 1).

2.5 Procedures

This investigation was approved by the Bioethical Commit-
tee of the University of Almeria for human research. It has
been done according with the Spanish Law 14/2007 for Bio-
medical Research and has been conducted according to the
tenets of the Helsinki’s Declaration (2013). All participants
signed an informed consent form and received an informa-
tive sheet explaining study’s characteristics. All patients
participated voluntarily in this study.

Fig. 1 Screenshot showing the
game AmbliOK configured

to train the right eye. The
background was the same for
both eyes but only the image
corresponding to the right eye
displayed the ball (upper part of
the game screen) that partici-
pants had to track, preventing it
fall through the bottom
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Several candidates were initially evaluated by an optom-
etrist at QVision SL Clinic facilities. However, only four
participants meet the criteria to participate in the study.

Initial optometric assessments were used to establish a
baseline for VA, CS, stereopsis, and suppression. Before
each training session, the Oculus Rift DK2 was adapted
and calibrated for each patient.

The intervention phase with the videogame was car-
ried out for four weeks, with five sessions of 30 min, once
per day from Monday to Friday. This protocol was based
on previous pilot studies that showed it was effective and
bearable. The total training time during the four weeks
was 10 h. Every session, the participant was sat in front
of the computer in a quiet room wearing the VR head-
set. As described in 2.4, the participants had to track the
ball displayed to the amblyopic eye and avoid it disap-
peared through the bottom of the screen. In such case a life
was lost. (Participants started the game with three lives.)
Every week a new level of difficulty was used increasing
the ball’s speed. The rationale was to keep the interest of
the participant as the game was very easy to play. A score-
board was displayed all the time in order to motivate the
participants. Each time all the pumpkins were destroyed
a new screen filled with pumpkins was automatically dis-
played and the participant got an extra life. In case the par-
ticipant lost all the lives the game was restarted manually.

The assessment of all visual variables was done at the
end of every training’s week. We did a follow up assess-
ment one month after the intervention. Patients did not
receive any treatment during this month. The participant
number one also did a follow up assessment one year after
the treatment had ended.

ik sCore: 30
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3 Results
3.1 Participant 1

Participant 1 showed a VA difference of 0.22 logMAR
between the fellow eye (left) and amblyopic eye (right) in
her baseline assessment. Initial CS was poor with only 2
stimuli (out of 8) detected in low frequency range (3 c/g).
Stimuli of higher frequencies were not detected. Stereopsis
scoring showed a value of 160 arc of second (160"). See
Figs. 2, 3 and 4 baseline scores.

During the intervention phase, amblyopic eye VA
improved significantly and, from the second week, the

patient overcame the criterion of amblyopia (0.2 logMAR
difference between two eyes). This improvement disap-
peared one month after and the participant fell back into
the criterion of amblyopia. Binocular VA fluctuated during
the intervention but fell back into the criterion of amblyo-
pia one month after. One year later VA remained as in the
baseline (Fig. 2).

CS showed a progressive improvement during the inter-
vention phase. The patient was able to discriminate with her
amblyopic eye 5 or 6 items (out of 8) in all the frequencies
range at the end of the treatment. The improvement remained
one month later. The fellow eye also showed a progressive
improvement in all the frequencies. This improvement also
remained a month after the training’s end. One year later,
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P1 D~ P2 P3

Fig.4 Evolution of stereopsis along the training, 1 month and 1 year
after. BL: base line; PM: 1 month follow-up; PY: 1 year follow-up;
AE: amblyopic eye; FE: fellow eye; BIN: binocular; P1-P4: partici-
pants

the amblyopic eye showed worse scores than in the previ-
ous evaluation (a month after the intervention) but better
than in the baseline. The fellow eye scoring maintained its
improvement (Fig. 3).

Stereopsis improved from the first week and progressively
achieved normative scores. Such improvement remained one
month and one year after the intervention (Fig. 4).

Lastly, participant 1 showed no suppression during the
whole study.

3.2 Participant 2

Participant 2 showed a VA difference of 0.4 logMAR
between the fellow eye (left) and amblyopic eye (right) in
the base line score. CS scoring was poor as he only detected
2 out of 8 items in the low frequency range. The fellow eye
showed a good CS for lower frequencies but not for higher
frequencies. Stereopsis scored above normal vision (25").
However, the participant showed suppression of the right eye
(amblyopic eye). This disappeared after 3 weeks of training
and it was maintained one month later. See Figs. 2, 3 and 4
baseline scores.

VA remained stable during the treatment showing an
improvement in the last week of intervention (amblyopia
criterion disappeared). One month later this improvement
disappeared in the follow up assessment falling under the
baseline score (Fig. 2).

Participant 2 showed a progressive improvement during
the intervention phase for CS at 3 c¢/g and 6 c/g frequen-
cies. However, only the improvement in the 3 c/g frequency
remained one month later. No improvements were observed
for higher frequencies. The Fellow eye results were stable
during the intervention with a slight evolution for 12 ¢/g and
18 c/g frequencies.
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Stereopsis scores remained stable during the whole study
and comparable to normal vision (Fig. 4).

3.3 Participant 3

Participant 3 showed a VA difference of 1.08 logMAR
between both eyes in the baseline. Regarding CS, this partic-
ipant was unable to discriminate any item at any frequency,
and showed extremely poor stereopsis (800") in the baseline
assessment. By contrast, fellow eye CS was really good as
the participant could discriminate almost all low frequencies
and all the high frequencies. This participant showed sup-
pression of the left eye for the whole study duration. This
participant left the investigation after two weeks for reasons
beyond the research. See Figs. 2, 3 and 4 baseline scores.

VA improved notably after only one training week. This
achievement remained during the second week and improved
even more one month later reaching -0.08 logMAR for the
amblyopic eye and -0.3 logMAR for the fellow eye (Fig. 2).

CS did not show any change during the training but one
month later there was a remarkable improvement as this par-
ticipant could discriminate 6 out of 8§ items for 3 c/g, 3 out
of 8 items for 6 c/g, 1 out of 8§ items for 12 c/g, and 3 out
of 8 items for 18 c/g frequencies. In the baseline, this par-
ticipant could not discriminate any item. Fellow eye scores
were stable during the training period and similar to baseline
results (Fig. 3).

Stereopsis also improved notably from 800" in the base-
line to 100" after two weeks of training. One month later, a
normal stereopsis score was observed (Fig. 4).

3.4 Participant 4

Participant 4 showed a VA difference of 0.4 logMAR
between both eyes in the baseline. CS was poor as she only
could discriminate 2 out of 8 items in the lower frequency
range. The fellow eye showed better performance for low
frequencies although did not discriminate all the items.
Stereopsis was comparable to normal vision. This partici-
pant did not show suppression. See Figs. 2, 3 and 4 baseline
scores.

Regarding VA, it improved notably, overcoming the cri-
terion for amblyopia at the end of training. One month later,
amblyopic and fellow eyes and binocular VA improved over
the last evaluation score at the end of the last training week
(Fig. 2).

CS improved progressively during the training and one
month later, showing even better scores for higher frequen-
cies (Fig. 3).

Stereopsis scoring was comparable to normal vision in
the baseline and during all the evaluations (Fig. 4).
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4 Discussion

In the present research we have tried to verify the effec-
tiveness of virtual reality for the treatment of anisome-
tropic amblyopia. Thus, we have evaluated the effects of
dichoptic training using the video game AmbliOK for a
maximum of 10 h (using Oculus Rift DK2 glasses) on
VA, CS, stereopsis and suppression of the amblyopic eye
in a series of four adult patients. Overall, although there
is a significant variability across patients, an improvement
in some variables has been observed during the training
phase with the videogame, in the subsequent evaluations
one month after the end of the training, and even one year
later (in the only case where the participant could be eval-
uated). We observed that, even though the four participants
were exposed to the same training protocol (one of the
patients only completed 2 weeks of training), the benefits
of the treatment varied across the four patients.

The VA results are generally encouraging in all patients.
The 4 patients overcame the amblyopia criterion during
the training with AmbliOK. These results agree with other
works that have studied the effects of VR and videogames
in visual rehabilitation (Cleary et al. 2009; Herbison et al.
2013; Waddingham et al. 2006; Ziak et al. 2017). Never-
theless, we should mention a recent study by Gao et al.
(2018) who reported no significant improvements for VR
treatments compared to placebo. Methodological differ-
ences, such as the design of the game, the fact that it was
applied at home and not in a clinical setting or the follow-
up of the treatment may explain the differences. Gao et al.
(2018) point out that as their treatment was applied at
home, it could had caused the participants did not pay the
required attention to the task or did not perform the treat-
ment during the prescribed hours. Nevertheless, patients’
improvements could be seen in different variables (as seen
in our results) without a global significant improvement
when each individual variable was analyzed across the
group. Thus, some patients improved their VA, others their
CS, others their stereopsis or a combination of different
variables.

In the assessment carried out one month after the
intervention (and one year later for participant 1) it was
observed that participants 3 and 4 maintained the VA
improvement for the amblyopic eye. In addition, par-
ticipant 4 obtained better scores in the month follow-
up compared to the evaluation carried out immediately
after the treatment. This result is in line with previous
research showing perceptual learning training produced an
improvement in VA and CS measures which were main-
tained some months after the end of the training (Barollo
et al. 2017; Clearly et al. 2009; Mansouri et al. 2014;
Moret et al. 2018; Ziak et al. 2017). Barollo et al. (2017)

defined the maintenance of the improvement as "reten-
tion of the effect of the perceptual learning". According
to these authors, a long-term maintenance of the effects
of the training is caused by the presence of a latent phase
that lasts several hours. This phase would reflect a con-
solidation of the trained mechanisms and during this time
daily life activities involving VA and CS functions would
work as a continuous training. These results indicate that
medium- and long-term assessment of the improvements
must be included in future investigations. As Ziak et al.
(2017), who only completed the medium-term follow-up
for 3 patients, we have not yet done a full long-term fol-
low-up (after one year) for all patients.

Additionally, our participants also showed an improve-
ment in their fellow eye VA during and/or at the end of
the training, and one month later. The maintenance of this
improvement is explained in the same way as for the ambly-
opic eye. According to Meier and Giaschi (2017), although
the fellow eye shows better performance than the amblyopic
eye, its performance is not equivalent to a control healthy
eye. Following these authors, the pattern of atypical devel-
opment suffered by the visual system of amblyopic people,
both monocularly and binocularly, would also cause an
anomalous development in their fellow eye visual path-
ways. Therefore, as shown by Barollo et al. (2017), Zhou
et al. (2006), Huang et al. (2008), Li et al. (2007) or Moret
et al. (2018), the fellow eye would benefit from an interocu-
lar transfer resulting from the stimulation of the amblyopic
eye. This stimulation would create new connections lead-
ing to changes at binocular cortical level and the improve-
ment observed in the fellow pathway. This would explain
the improvements observed after patching the fellow eye
(Barollo et al. 2017; Li et al. 2007; Moret et al. 2018). A
similar explanation was offered by Hess et al. (2011) on
basis to the strengthening of the interactions between bin-
ocular neurons that previously had been suppressed.

Regarding the evolution of CS in the amblyopic eye
we have observed a progressive improvement throughout
the training that was maintained for lower frequencies one
month after the training although in participant 1 disap-
peared one year later. Moreover, we have also observed an
improvement in the fellow eye which was not exposed to the
stimulation condition of the videogame. It can be argued that
the video game also produces a certain training effect on the
non-amblyopic eye. Thus, while the fundamental element
of the game is to track the trajectory and movement of the
ball (only presented to the amblyopic eye), the fellow eye
was also exposed to the rest of the scene and to the move-
ment of the pad that the player moved to intercept the ball.
Additionally, we must point that the VR videogame, unlike
monocular stimulation procedures, uses a binocular train-
ing strategy. As discussed above, amblyopia also affects the
development of fellow eye pathways (Meier and Giaschi,
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2017). Varadharajan and Hussaindeen (2012) showed that
fellow eye’s VA in children with amblyopia is worse when
compared to non-amblyopic control eyes. Consequently,
dichoptic stimulation would also improve CS of the fellow
eye.

With regard to the physiological bases of the fellow eye
improvement, it could be associated with changes in the
functioning of binocular neurons that might influence vision
in an up-down way. Meier and Giaschi (2017) argue that the
deficits of the fellow eye are usually linked to specific extras-
triate visual cortex that include a large number of binocular
neurons. These binocular mechanisms can be independent
of the particular eye from which they receive the informa-
tion, producing phenomena like interocular transfer. Very
few works have paid attention to the improvement in the
fellow eye in amblyopic subjects after training with percep-
tual learning or other techniques. With regard to CS, Moret
et al. (2018) argue that its improvement is due to a weaken-
ing of inhibitory lateral interactions between V1 neurons
for specific spatial orientations and frequencies (Polat 1999;
Polat et al. 2004), with a subsequent decrease of interocular
suppression (Harrad 1996). The explanation of Hess et al.
(2011) on the strengthening interaction between binocular
neurons would be also applicable to the case of CS.

In addition, the improvement in CS observed one month
after the end of the intervention in some participants is strik-
ing. It would indicate that regardless the visual training pro-
cedure, once the process of cortical plasticity underlying the
improvement has begun, this mechanism remains active even
after the training sessions have been completed. There could
be a generalization of the response as shown by various stud-
ies (Casco et al. 2014; Huang et al. 2008; Polat et al. 2004;
Zhou et al. 2006), and it could be possible that, as with VA,
the stimulation of daily activities continues the rehabilitation
process (Barollo et al. 2017).

Regarding stereopsis, the improvement in binocular
performance is a main goal of dichoptic treatments. It
should be noted that participants 1 and 3 showed a remark-
able improvement in stereopsis, while participants 2 and 4
had already a good pre-training stereopsis that remained
throughout the training. Stereopsis improvement is in line
with the results of Ziak et al. (2017) for stereoacuity. These
authors showed a significant improvement in stereoacuity
even in patients who had a non-measurable stereopsis (above
800") in the baseline assessment. The same applies to one of
our patients. In general, the improvement in the stereopsis
of our patients is consistent with the data of Vedamurthy
et al. (2016) or Ding et al. (2011) who also reported a great
recovery in stereopsis after perceptual learning training. We
should point out that, apart from the study by Vedamur-
thy et al. (2016) and Ziak et al. (2017), we do not know
other studies using VR for stereopsis treatment in ambly-
opic patients. Stereopsis, as Levi et al. (2015) point out,
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is not a single global function but is broken down into dif-
ferent mechanisms and depends on binocular visual acu-
ity and normal eye alignment (Von Noorden and Campos
2002). The multifactorial nature of stereopsis is reflected in
the variability of patients’ etiology. This would be the case
for those who are considered stereo-blind but show residual
stereoscopic functions (Mccoll et al. 2000; Harris and Sum-
nall 2000).

The precise mechanism by which anisometropia causes
a decrease in stereopsis is not clear. As mentioned above,
it has been suggested that foveal suppression in the defo-
cused eye is the cause of the decrease in stereopsis (Nabie
et al. 2019). McKee et al. (2003) propose that subjects
with amblyopia and normal ocular alignment could have
experienced degraded but concordant visual inputs, at least
at low spatial frequencies, and therefore binocular vision
could have developed. Fawcett and Birch (2003) point out
that binocularity can be experienced with low levels of ani-
sometropia, and Robaei et al. (2007) reported that 78.6% of
children with anisometropia reached normal levels of stere-
opsis compared to 98.9% of children without anisometropia.
Furthermore, previous studies (Julesz and Miller 1975; Ogle
and Wakefield 1967) have informed conditions in which
interocular suppression and stereopsis can be dissociated.
What does seem clear is that, as Vedamurthy et al. (2016)
and Ziak et al. (2017) point out, the high level of motivation
associated with RV videogames results in better outcomes
and could contribute to the beginning of neuronal plasticity.
This would be the case of AmbliOK, whose playful compo-
nent provides extra motivation for the patient.

Taking suppression as a possible cause of amblyopia,
Li et al. (2013) hypothesized that alleviating suppres-
sion through the presentation of dichoptic stimuli results
in a higher level of plasticity than forcing the use of the
amblyopic eye. Suppression is a mechanism that prevents
the amblyopic brain learns to see again. Nonetheless, the
role, origin, and nature of suppression in amblyopia have not
always been viewed this way (Barrett et al. 2012; Holopigian
et al. 1986). Thus, it has been suggested that suppression
can take different forms in anisometropia and strabismus:
passive in anisometropia (where the image of the amblyopic
eye is blurred) but active in strabismus to avoid diplopia
(Levi et al. 2015). According to the last idea, Chen et al
(2020) observed a substantial improvement in VA although
interocular suppression did not disappear. It agrees with our
results for participants 2 and 3, who showed good VA and
excellent stereopsis with suppression of the amblyopic eye.
Participant’s 2 results suggest that training with AmbliOK
could help to remove the interocular suppression. Probably,
this would depend on a dose—response rate. (Table 1).

We would like to point out that the training duration in
our study varies from Ziak et al. (2017). Currently there is no
consensus on the optimal duration of training but, as these
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Table 1 Interocular Suppression progress in the 4 participants assessed with the Worth 4-dot Test

Participant Base line Ist week 2.5 h 2nd week 5 h 3rd week 7.5 h 4th week 10 h Post month Post year

1 4 lights (NS) 4 lights (NS) 4 lights (NS) 4 lights (NS) 4 lights (NS) 4 lights (NS) 4 lights (NS)
2 3 lights (RS) 3 lights (RS) 3 lights (RS) 4 lights (NS) 4 lights (NS) 4 lights (NS) -

3 2 lights (LS) 2 lights (LS) 2 lights (LS) - - 4 lights (NS) -

4 4 lights (NS) 4 lights (NS) 4 lights (NS) 4 lights (NS) 4 lights (NS) 4 lights (NS) -

NS No suppression, RS Suppression of the right eye, LS Suppression of the left eye

authors point out, it seems that at least 8 sessions (320 min)
are required to obtain good results. This “dose-response”
ratio seems to indicate that more sessions mean a greater
effect (Hamm et al. 2018), although it can be influenced
by characteristics inherent to each patient. In Hamm et al.
(2018), a longer play time produced additional improve-
ments in VA and CS in 2 out of 3 groups of subjects with
amblyopia by early bilateral deprivation. In addition, like us,
they also obtained quite diverse results among groups and
variables. The possible explanation given to this variability
is the influence of variables such as the age and the origin
of amblyopia, but also previous treatments. Consequently,
previous interventions could have positive or negative effects
on a subsequent binocular treatment. In future research it
will be necessary to adapt the treatment to the characteristics
of each patient by taking into account not only the training
protocol but also the game features. As not every patient
shows the same deficits it would be helpful that game fea-
tures and mechanics were properly fitted to the needs of each
treatment. In our case, AmbliOk was designed to make the
amblyopic eye the main responsible for the gameplay (track-
ing the ball trajectory on the screen). In a similar way, Ziak
et al. (2017) and more recently Halicka et al (2020) used
Diplopia Game (Vivid Vision, USA) which displayed differ-
ent stimuli to the amblyopic and the fellow eye, although in
this case only the central part of the scene was different, in
contrast to AmbliOk where the amblyopic eye must track the
position of the ball across the whole screen. Another dichop-
tic strategy has been employed by Gambacorta et al. (2018),
who designed a videogame that displayed the same scene to
both eyes, although the contrast level between the amblyopic
and the fellow eye was different. Although all these studies
rely on the use of dichoptic stimulation, different procedures
have been employed, resulting in an overall positive outcome
although with significant variability among patients. Never-
theless, it is difficult to know if differences in game features
have an impact in the results obtained by different authors.
It can be worthy to understand which game characteristics
are linked to particular outcomes. Further research should
test which are the most efficient game features to train each
visual variable taking also into account the characteristics
of each patient.

A similar reasoning must be done regarding the tech-
nology used for visual training. The Oculus DK2 headset
employed in the present study, as well as by Ziak et al.
(2017) and Halicka et al. (2020), was released in 2014 and
includes one single OLED display with a resolution of
960 x 1080 pixels per eye, and a field of view of 94° horizon-
tal and 99° vertical. These specs have been already surpassed
by later devices. We cannot discard that visual training could
yield better results by using another HMD with superior
specs. This could also depend on the characteristics of the
patient, as in a previous pilot study using an older device
(Oculus DK1) we observed a complete recovery of VA and
stereopsis in a patient (after three weeks of training), which
remained at least for 3 months after the training (unpub-
lished results).

As a main conclusion of the preliminary results obtained
with the videogame AmbliOK we can affirm that it is a valu-
able tool for training the visual functions affected in adults
with anisometropic amblyopia. Moreover, the procedure
has shown to be effective in some cases after a relatively
brief intervention. This is particularly relevant as adults are
usually considered an untreatable population. Thus, tradi-
tional therapies like eye occlusion are not prescribed beyond
8-9 years old. Furthermore, as discussed above, in the last
years some authors have shown several strategies that are
effective for visual rehabilitation in amblyopia. However,
these works rely on the assessment of a reduced number
of visual variables, usually no more than two. As we have
shown, some patients show improvements in some visual
variables whereas others show improvements in different
ones. Therefore, in order to know if a treatment is effective
it is necessary to conduct a comprehensive assessment of
visual function, including at least VA, CS, stereopsis and
suppression.

As our work is a series of cases, the small sample size
appears as the main limitation. Moreover, the characteris-
tics of each subject imply a significant degree of variability
that greatly influences the results. Thus, the short number of
participants impedes an analysis of the results according to
their clinical characteristics, so it is not possible to know the
reason for the differences between participants and variables.
Nevertheless, as Ziak et al. (2017) and Foss et al. (2017)
have reported dichoptic and videogame treatments involve
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a percentage of patients who do not show improvements.
Another main limitation is the absence of a long term follow
up in the majority of participants, as only one patient was
available for the follow up one year after the intervention. In
the coming future, we want to provide further evidence on
the usefulness of our paradigm with AmbliOK carrying out
a randomized controlled trial (RCT) with a wider sample.
Finally, a more advanced HMD device should be used in
further research.
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