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Abstract 

Background  Amblyopia is the most common developmental vision disorder in children. The initial treatment 
consists of refractive correction. When insufficient, occlusion therapy may further improve visual acuity. However, 
the challenges and compliance issues associated with occlusion therapy may result in treatment failure and residual 
amblyopia. Virtual reality (VR) games developed to improve visual function have shown positive preliminary results. 
The aim of this study is to determine the efficacy of these games to improve vision, attention, and motor skills in 
patients with residual amblyopia and identify brain-related changes. We hypothesize that a VR-based training with the 
suggested ingredients (3D cues and rich feedback), combined with increasing the difficulty level and the use of vari‑
ous games in a home-based environment is crucial for treatment efficacy of vision recovery, and may be particularly 
effective in children.

Methods  The AMBER study is a randomized, cross-over, controlled trial designed to assess the effect of binocular 
stimulation (VR-based stereoptic serious games) in individuals with residual amblyopia (n = 30, 6–35 years of age), 
compared to refractive correction on vision, selective attention and motor control skills. Additionally, they will be 
compared to a control group of age-matched healthy individuals (n = 30) to account for the unique benefit of VR-
based serious games. All participants will play serious games 30 min per day, 5 days per week, for 8 weeks. The games 
are delivered with the Vivid Vision Home software. The amblyopic cohort will receive both treatments in a randomized 
order according to the type of amblyopia, while the control group will only receive the VR-based stereoscopic serious 
games. The primary outcome is visual acuity in the amblyopic eye. Secondary outcomes include stereoacuity, func‑
tional vision, cortical visual responses, selective attention, and motor control. The outcomes will be measured before 
and after each treatment with 8-week follow-up.
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Discussion  The VR-based games used in this study have been conceived to deliver binocular visual stimulation tai‑
lored to the individual visual needs of the patient, which will potentially result in improved basic and functional vision 
skills as well as visual attention and motor control skills.

Trial registration  This protocol is registered on ClinicalTrials.gov (identifier: NCT05114252) and in the Swiss National 
Clinical Trials Portal (identifier: SNCTP000005024).

Keywords  Amblyopia, Child, Binocular stimulation, Dichoptic stimulation, Optical treatment, Refractive correction, 
Virtual reality, Stereovision, Visual attention, Kinematics, Motor control, Electroencephalography

Background
Amblyopia is one of the most common developmental 
vision disorders in children, affecting 1–5% of the popu-
lation in developed countries [1, 2]. It arises from abnor-
mal visual experience in early life. Amblyopia is most 
commonly caused by one or a combination of (i) sig-
nificant refractive error (unilateral amblyopia caused by 
asymmetric error, or bilateral amblyopia caused by bilat-
eral high refractive error); (ii) strabismus; or (iii) early 
visual deprivation (usually congenital causes) [3]. Besides 
significantly reduced visual acuity, amblyopic patients 
exhibit binocular dysfunction that may translate into 
reduced binocular reading speed [4], selective attention 
impairment [5], or motor control skills deficits [6].

Amblyopia is typically diagnosed around the age of 
3–5  years, and the initial treatment consists of refrac-
tive correction [7]. If this measure fails to produce the 
desired outcome after 3  months, which is similar visual 
acuity between both eyes, occlusion therapy is com-
monly used [8]. This involves patching the dominant/
healthy eye for 2–6  h/day, depending on the severity of 
the amblyopia, every day for several months up to years 
[9]. However, occlusion therapy carries the risk of reverse 
amblyopia and new strabismus by overtreatment [10]. In 
addition, poor adherence to the occlusion regimen is a 
common problem in pediatric populations (ranging from 
49 to 87%), resulting in treatment failure [11] and resid-
ual amblyopia (i.e., reduced visual acuity and stereopsis 
that will persist into adulthood). Children with residual 
amblyopia may develop social and emotional problems 
(e.g., low self-esteem, bullying), which may affect their 
quality of life and that of their families [12, 13]. Therefore, 
it is important to seek suitable alternatives to the occlu-
sion therapy.

Aiming to increase compliance and treatment effec-
tiveness, serious games delivered on tablets have recently 
been developed (serious games are games used for pur-
poses other than mere entertainment [14]). More spe-
cifically, these games focused on binocular stimulation 
by using dichoptic images, where the contrast level of 
the image to the fellow eye is reduced to encourage bin-
ocular integration of complementary images, and as 
such to balance cortical input and overcome interocular 

suppression. Such dichoptic stimulation delivered on 
tablets seems to effectively improve visual acuity [15–
19] and might be superior to occlusion therapy [15, 20]. 
Nevertheless, the additional recovery of stereovision 
(3D vision) seems to require further ingredients in the 
training. Three studies have shown an improvement in 
stereovision in adults with amblyopia when using one 
game in a Virtual Reality (VR) environment [21–24], 
suggesting that a VR-based training providing 3D cues 
and rich feedback may better target improvement in ste-
reovision in both strabismic and anisometropic type of 
amblyopia, improving also treatment compliance [25]. 
However, these preliminary studies in adults delivered 
the VR in a lab environment and with only one or two 
games. A recent review showed that binocular perceptual 
learning and dichoptic videogames result in improved 
stereovision in adults with strabismus, compared to the 
null results seen with monocular versions of such stim-
ulation [26]. This review gathers data from almost 100 
adults with amblyopia and provides three conclusions: 
(1) more patients with anisometropic amblyopia improve 
compared to the strabismic type, (2) many more patients 
with strabismus have not measurable stereopsis before 
and after the training, compared to the anisometropic 
type, and (3) both types of amblyopia show improve-
ments in stereopsis, regardless of their baseline stereo-
acuity, achieving stereoacuities of 140 arcsec or better. As 
such, we hypothesize that a VR-based training with the 
suggested ingredients (3D cues and rich feedback), com-
bined with increasing the difficulty level and the use of 
various games in a home-based environment is crucial 
for treatment efficacy of vision recovery, and may be par-
ticularly effective in children.

Besides the potential improvements in visual acuity 
and stereovision that the VR-training may induce, we 
also need to target the known selective attention and 
motor planning deficits in children with amblyopia. The 
VR environment offers an enriched, immersive (depth 
perception, stimulation of full visual field) perceptual 
experience, that puts strong demands on uni- (visual) 
and multisensory (audiovisual) selective attention, while 
performing natural body movements (reaching a tar-
get, body rotation to avoid enemy) [21, 27]. Hence, a 
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VR environment with (i) a variety of available games 
that increases difficulty with improvement of function 
(to increase compliance), (ii) games that require time 
constraints and a high load on divided attention (to tar-
get selective attention, as shown in adults [28]) and (iii) 
the opportunity to interact with the body accurately to 
complete the tasks (to target motor deficits, as shown in 
stroke survivors [29]) appears to be an optimal training to 
improve selective attention and motor planning deficits 
associated with vision problems.

In addition to assessing the effectiveness of the novel 
treatment, this study may provide some mechanistic 
insight on visual improvement by exploring the neural 
substrates of vision, cognitive, and motor deficits in this 
population. With scalp electroencephalography (EEG), 
we can determine changes in the cortical activity before 
and after an intervention, in an easy and child-friendly 
way. EEG has been used to understand the visual deficits 
[30], to depict deficits of attentional modulation in the 
visual cortex [31, 32] and to understand the treatment-
driven plasticity [33]. To the best of our knowledge, EEG 
has not been used to explore the sensorimotor networks 
in patients with amblyopia, although these networks 
seems to be affected, as revealed by other brain imaging 
techniques (i.e., resting state magnetic resonance imag-
ing) [34]. These preliminary results provide a rationale 
for using EEG in amblyopia, to explore the plasticity of 
the cortical networks in residual amblyopia, and its rela-
tionship with clinical changes.

This study protocol describes the setup for a Rand-
omized Controlled Trial (RCT) comparing the effects of a 
personalized, VR, and home-based binocular stimulation 
intervention in people with residual amblyopia compared 
to standard care and to healthy controls. The first objec-
tive is to examine whether VR game-based interventions 
are not inferior to refractive correction in residual ambly-
opia and whether it will result in similar or better reten-
tion of the improvements. Secondly, we aim to explore 
whether such VR-derived improvements in the ambly-
opic cohort are beyond the changes we find in the control 
cohort. Lastly, we will study the underlying neural mech-
anisms of improvements by measuring brain activity and 
will ascertain whether such mechanisms can predict, in 
combination with clinical measures, treatment outcome.

This RCT will address the following research aims:

a) test the efficacy of a serious game-based binocu-
lar stimulation in a VR environment in improving 
Best Corrected Visual Acuity (BCVA), compared 
to refractive correction in individuals with residual 
amblyopia
b) test the potential VR-based benefits on clinical 
measures of other vision skills like stereoacuity, func-

tional vision (i.e., reading skills), and suppression, 
compared to refractive correction in individuals with 
residual amblyopia
c) test the potential benefits of VR-based training on 
visual and audiovisual selective attention and motor 
control skills, compared to refractive correction and 
to the control group
d) evaluate the adherence and safety of the VR-based 
intervention compared to standard care
e) test the potential VR-based benefits on eye-related 
quality of life
f ) test the potential VR-based benefits on cortical 
responses including visual, higher cognitive pro-
cesses of audio-visual, and motor control skills in 
both cohorts
g) test whether the potential VR-derived benefits on 
vision, attention and motor control skills in residual 
amblyopic patients are larger from those found in the 
control cohort
h) identify clinical and electrophysiological factors 
predicting treatment response in individuals with 
residual amblyopia.

Methods I: Participants, interventions, 
and outcomes
Study design
This is a single-center, evaluator-masked, non-inferi-
ority, cross-over Randomized Controlled Trial (RCT). 
This study is approved by the Ethical Cantonal Board 
of Geneva, Switzerland  (CCER N° 2021-D0090) and all 
methods are performed in accordance with the relevant 
guidelines and regulations. The protocol for this study 
was designed according to the SPIRIT (Standard Protocol 
Elements: Recommendations for Interventional Trials) 
2013 Statement [35, 36]. Recruitment of participants is 
planned from May 2022 to December 2024. The trial will 
take place in the Department of Ophthalmology of the 
Geneva University Hospitals (Switzerland). The ambly-
opic cohort will take part in the cross-over design. They 
will be randomly assigned to take part either first in the 
study-intervention arm and second in the control-treat-
ment arm, or vice versa (AB or BA), stratified according 
to the type of amblyopia (anisometropic, strabismic or 
mixed). They are not masked to the order of the received 
training. The age-matched control cohort will only com-
plete the VR-based intervention.

Participants and eligibility criteria
The study population will include 30 individuals with 
residual amblyopia (strabismus, anisometropic and 
mixed types) and 30 age-matched normally sighted indi-
viduals between 6–35  years old, as younger children 
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seem to have difficulties in understanding the games [37]. 
General exclusion criteria are the presence of (i) audi-
tory deficits or loss, (ii) uncorrected visual disorder, (iii) 
coexistence of ocular or neurological disease, and (iv) 
developmental, psychological, or sensorimotor disorder. 
Additional inclusion criteria for the amblyopic cohort 
are: (i) residual amblyopia defined as BCVA of < 20/20 
in the amblyopic eye and an interocular difference of ≥ 2 
lines persisting even after refractive correction; (ii) sta-
ble BCVA for at least 2 consecutive measurements over 
6 months. Additional exclusion criteria for the amblyopic 
cohort are: (i) untreated or newly diagnosed anisometric, 
strabismic or combined amblyopia, i.e., a BCVA interoc-
ular difference of ≥ 2 lines that is untreated or newly diag-
nosed; (ii) atropine treatment currently or 3 months prior 
to enrolment in the study; (iii) eye surgery except those 
to correct strabismus; (iv) strabismus over 20D or with 
large eccentric fixation. In this study, as we include both 
healthy and amblyopic cohorts, we will use the terms 
dominant and non-dominant eye to refer also to the fel-
low and amblyopic eye, respectively.

Interventions
Experimental intervention for the amblyopic cohort
The experimental intervention consists of playing eight 
stereoscopic serious games using the Vivid Vision Home 
software (Vivid Vision Inc., San Francisco, CA, USA), 
embedded in a VR headset. After a training session at the 
Dept. of Ophthalmology, the intervention is conducted 
at home, at the participant’s and family’s convenience. 
Participants’ success in the games depends on the inte-
gration of information from the amblyopic and the fellow 
eye, as the games are designed to improve binocularity. 
The games are aimed at training anti-suppression/fusion 
(Hoopie, Ring Runner, Breaker, Pepper Picker), stereopsis 
(Bubbles, Bullseye), and visual processing (Flash Match). 
Such game variability will improve the compliance 
among the older participants [37]. The prescribed dos-
age for game playing is 30 min per day, 5 days per week, 
over 8 weeks, with a total game time of 20 h. To prevent 
participants from playing more than 30 min per day, the 
software is programed to block access to its games until 
the next day. Participants can split the prescribed dos-
age of 30 min per day into smaller sessions, if they desire 
to do so. All participants will be instructed to wear their 
glasses with the updated refractive correction while they 
play the VR-based games.

At the beginning of the training, the visual contrast 
of objects visible to the fellow eye is decreased relative 
to the amblyopic eye. Each week and according to the 
participant’s performance, the difference in the input 
strength between the eyes will become smaller. The goal 

is to no longer need any modification of images’ features 
to combine them, and to perceive depth all the time. The 
difficulty of the games will be automatically adjusted 
based on an algorithm developed by Vivid Vision Inc. and 
integrated in the software (Smart Assist). This automatic 
adjustment aims at individualizing the treatment to meet 
the therapeutic needs of the patient. By individualizing 
the treatment to the patient’s needs, we hope to improve 
the efficacy of the treatment. To this purpose, built-in 
tests in the Vivid Vision Home software (Prism Tuner—
to optimize the virtual prism settings for a patient’s treat-
ment session, Stereoacuity – to estimate of the patient’s 
stereoscopic vision) will be performed systematically to 
increase or decrease the amount contrast needed for the 
patient to successfully play. These changes aim to keep 
the games challenging to the current level of visual skills 
of the participants. This “adaptiveness” of the games’ dif-
ficulty levels is meant to keep participants engaged and to 
support their improvement over the course of the whole 
training. Additionally, after each training session, par-
ticipants or participants’ parents will report in a gaming 
diary, which they have been given by the experimenters, 
duration of their gaming session that day, their feelings 
about it (i.e., experiencing fun or, alternatively, difficulty 
during the game) as well as any adverse event (i.e., nau-
sea, headache, diplopia). Participants will be instructed 
to inform the research team as soon as they experience 
any adverse event. Through the web-based dashboard of 
Vivid Vision Home, the research team will be able to see 
the participant’s activities, follow up on the prescribed 
play time and will get a notification after 2  days have 
passed without playing.

Control intervention for the amblyopic cohort
The control treatment for the amblyopic cohort involves 
wearing the prescribed glasses with the necessary refrac-
tive correction, which is the standard treatment for indi-
viduals who have undergone the patching treatment and 
been diagnosed with residual amblyopia. Participants 
will wear their glasses for the same duration as the exper-
imental intervention (i.e., 8 weeks). The participants are 
expected to not receive any concomitant care or any 
additional interventions.

Control intervention for the control cohort
The control cohort will only undergo the VR-based inter-
vention with the stereoscopic serious games on the Vivid 
Vision Home software. However, the games will not have 
any between-eyes image difference in terms of contrast 
(although those games with dichoptic stimulation will be 
displayed in the same way). The Smart Assist algorithm 
will be turned off for this cohort.
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Outcomes
Our primary outcome is best corrected visual acuity. 
Among our secondary outcomes are stereoacuity, func-
tional vision (reading), visual cortical responses, higher 
cognitive processes of multisensory attention (i.e., visual 
and audiovisual attention), motor control skills, and eye-
related quality of life. Primary and secondary outcome 
measures will be evaluated before and after each treat-
ment as well as 8-weeks follow up (a more detailed time-
line can be found later in this protocol).

Primary outcome
Best Corrected Visual Acuity (BCVA) will be meas-
ured using the Sloan chart adapted to age. The BCVA 
is the diagnostic vision measure for amblyopia (i.e., an 
interocular difference in visual acuity between the ambly-
opic and non-amblyopic eye) and it has been shown to 
improve with patching treatment as well as with novel 
treatments with binocular stimulation [17, 19, 38]. This 
will be administered by certified orthoptists who are 
masked to the treatment order.

Secondary outcomes I: clinical measures

Binocular vision: stereoacuity  Stereoacuity refers to the 
smallest detectable depth difference that can be seen in 
binocular vision. When binocular vision is present, the 
binocular function is the best stereoscopic acuity, meas-
ured in arc seconds. The presence of binocular vision 
will be first tested with the Bagolini. Stereoacuity will be 
measured with the Lang stereotest II, the TNO stereo 
test, and Titmus tests at every assessment point and the 
assessors are masked to treatment order.
Additionally, we will measure stereoacuity with a novel, 
3D tablet-based test called ASTEROID [39] at every 
assessment point and the assessors are not masked to 
treatment order, as this is computerized test.

Binocular vision: interocular misalignment  Interocu-
lar misalignment refers to the degree to which two eyes’ 
axes are not parallel. It can be measured with the Prims-
cover test. Result of the Prism-cover test of one eye turn-
ing upon covering the other indicates eye misalignment. 
Red filter involves asking patient to fixate on a white cir-
cle at the end of the room and placing a red filter on the 
patient’s fellow eye. If the patient reports a red pinkish 
light, there is binocular fusion. Additionally, it provides 
information on the alignment of the eyes based on nor-
mal retinal correspondence or binocular fusion based on 
abnormal retinal correspondence (e.g. microstrabismus). 
The location of the red circle in relation to the white cir-
cle lets conclude the nature of the deviation (esotropia, 

exotropia or vertical deviation). These tests are admin-
istered at every assessment point and the assessors are 
masked to treatment order.

Binocular vision: measurements in the Vivid Vision 
Home software  A Composite Depth Score estimate is 
measured (0–30) where 0 indicates no stereovision and 
30 indicates a stereo threshold of 20 arc sec or better. 
Patients need to choose which of 4 circular stimuli are 
floating off the surface, where with each correct response 
the stimuli become smaller and the disparity decreases. 
The degree of binocular vision is estimated with a virtual 
Worth 4 Dot test, revealing normal vision, double vision, 
or suppression of left or right eye [40]. Ocular posture 
adjustment estimates the minimal correction needed 
for patient’s ocular posture in a horizontal, vertical and 
rotational prism is estimated in prism diopters through a 
Maddox rod like test [41], where the patient aligns verti-
cal and horizontal lines with a spot or a pair of horizon-
tal lines. Vergence is evaluated through the speed of the 
patient’s ability to switch between difference vergence 
demands is estimated in seconds as the participant is 
aligning a series of shapes or symbols until they make up 
a single line [42]. Lastly, the vergence range is the partici-
pant’s maximal horizontal and/or vertical vergence abil-
ity and is estimated in prism diopters as the participant 
is aligning a series of shapes or symbols until they make 
up a single line [42]. These tests are measured at every 
assessment point and are automatically performed by the 
software.

Secondary outcomes II: behavioral measures

Functional vision: reading skills  Reading skills will be 
measured, separately for each eye, using the standardized 
MNRead test [43]. This test is administered through an 
app on an iPad© and is designed to assess reading skills 
in people with low vision (MNRead, French electronic 
version, 2016). The MNRead measures the smallest 
print readable by the person without making errors (e.g., 
misread or missing words, according to the MNRead 
instructions), as well as the smallest print that the person 
can read with maximum speed and the maximum read-
ing speed. However, as fluent reading is necessary for this 
test, only children from 8 years old will perform it.

Selective attention processes  Visual and audiovisual 
selective attention will be measured with a selective-
attention task, administered separately for each eye. 
The paradigm is a spatial cueing task of Folk et  al. 
(1992) [44], adapted to multisensory settings and so 
that it is child-friendly [45, 46]. Participants search for 
a target diamond of a predefined color (e.g., blue) in an 
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array of four differently colored bars and will report the 
bar’s orientation (i.e., horizontal or vertical) by press-
ing one of two large buttons. On every trial, the search 
array is preceded by a task-irrelevant visual distractor, 
appearing randomly in one of the four stimulus loca-
tions. The distractor is either of the same color as the 
target (e.g., blue), or of another, non-target color (e.g., 
red). On half of all trials the visual distractor is pre-
sented together with a spatially diffuse tone (audiovis-
ual distractor). The target color will be counterbalanced 
across participants.

Two types of selective attention processes will be meas-
ured: top-down, goal-based visual attention and bot-
tom-up, stimulus-driven multisensory attention. They 
will be assessed behaviorally and electrophysiologically 
(EEG), comparable to Folk et al. [44] and Turoman et al. 
[45, 46], respectively. Behaviorally, the two processes of 
selective attention will be measured using spatial cuing 
effects, i.e., the difference in speed of responding when 
the cue and target are in the same vs. different loca-
tions. Specifically, the strength of visual selective atten-
tion will be measured by the difference in cuing effects 
elicited by distractors that matched vs. mismatched 
the target’s color. The strength of audiovisual selective 
attention will be measured by the difference in cuing 
effects elicited by the color distractors that appeared 
alone vs. with the sound.

Motor control: Reaching and GRAsping at different 
Depths (ReGraD) Task.

Motor planning and execution deficits will be evaluated 
during a visually guided reach-to-grasp task at different 
reaching depths using reflective markers attached to 
the fingers and hand. The participant sits in front of a 
wooden box (where the pegs are initially inserted) and 
a cylinder (where the pegs are to be inserted). The box 
is mounted on a tripod that can be adjusted to the par-
ticipant height and arm length. There are two equally 
sized pegs that are placed by the experimenter in the 
box differing by their color on the tip of the peg. The 
participant is instructed to focus on the target peg 
(green) and ignore the flanker peg (red). The partici-
pant needs to reach and grasp the target peg by esti-
mating its depth and insert it in the cylinder. The board 
on the wooden box has 2 rows of 3 holes (right on top 
of each other) where the pegs can be inserted. The tar-
get and flanker pegs can be inserted in the same col-
umn, with 1 or 2 column difference, to increase depth 
between the pegs. There will be a total of 90 trials to 
complete with each eye condition (dominant eye, non-
dominant eye and with both eyes):

(i) No depth difference: 20 trials (5 trials with target 
in close-top position, 5 trials with target in further-
top position, 5 trials with target in close-bottom posi-
tion and 5 trials with target in further-bottom posi-
tion). In this condition, the flanker does not influence 
stereovision perception.
(ii) One level of depth difference: 20 trials (10 with 
the target in front (5 up and 5 bottom) and 10 (5 up 
and 5 bottom) with the flanker in front). In this con-
dition, the flanker may influence stereovision percep-
tion either when it is located in front or after the tar-
get peg.
(iii) Two levels of depth difference: 20 trials with two 
levels of depth difference (10 with the target in front 
(5 up and 5 bottom) and 10 with the flanker in front 
(5 up and 5 bottom)). In this condition, the flanker 
may influence stereovision perception either when it 
is located in front or after the target peg.
(iv) Only target condition: 20 trials with only the tar-
get inserted in the same locations as in the ‘no depth 
difference’ condition. This is the control condition to 
investigate the potential effect of the flanker on the 
position of the target.

A custom python script has been developed to show the 
experimenter where to insert the pegs for each trial, ran-
domizing the order. The possible configurations can be 
seen in Fig.  1. The participant is instructed to open the 
eyes when they hear a ‘beep’ (when they see the peg con-
figuration) and close them again once the peg is inserted 
in the cylinder.

To record the participant’s motion, we will use reflective 
markers attached to the tip of the index and thumb, on 
the head of the 3rd metacarpophalangeal joint. An addi-
tional marker will be placed at the nasion, to monitor 
head motion. Lastly, a marker will be placed at each tip 
of the pegs. Participant’s motion will be recorded with a 
V120:Trio camera (OptiTrack NaturalPoint, USA).

We will split it into reaching phase, manipulating phase 
and withdrawal phase. From each phase, we will extract 
movement duration, reaction time, smoothness, maxi-
mum grip aperture and time to maximum grip aperture 
[47–50]. To evaluate the movement duration, we will 
calculate the time passed from the start to the end of the 
movement. To evaluate the reaction time, we will calcu-
late the time passed from the start of the trial (indicated 
with a custom script) to the start of the movement. To 
evaluate the smoothness, we will extract the information 
from the marker placed on the hand and we will calculate 
its trajectory straightness. The straighter, the smoother 
the data are, which indicates better motor control. To 
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Fig. 1  Possible configurations of the pegs used in the reaching and grasping at different depths task
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evaluate the maximum grip aperture, we will extract the 
difference between the positions of the marker on the 
index and the marker on the thumb. The maximum dif-
ference will be used. To evaluate the time to maximum 
grip aperture, we will extract the difference between the 
positions of the marker on the index and the marker on 
the thumb. The time at which the maximum difference 
occurred will be used. This will be done for three condi-
tions: monocular dominant, monocular non-dominant, 
and binocular.

Quality of life  Eye-related quality of life and functional 
vision in people with visual impairment will be assessed 
with the PedEyeQ questionnaire [13, 51], including one 
for the parents of participants younger than 14  years 
old and an adapted version for participants older than 
18 years old. This questionnaire will not be completed by 
healthy individuals or their parents.

Rasch scores for each questionnaire item will be obtained 
from published look-up tables available at www.​pedig.​
net, and used to calculate a score for each participant 
(Parent-PedEyeQ for < 18-year-olds; adapted Child-
PedEyeQ for > 18-year-olds). Scores will also be con-
verted to a 0–100 scale to aid in interpretation. The Child 
PedEyeQ version includes the fields Functional Vision, 
Bothered by Eyes and Vision, Social, Frustration / Worry. 
The Parent PedEyeQ version includes the fields Impact 
on Parent and Family, Worry about Child’s Eye Condi-
tion, Worry about Self-perception and Interactions, 
Worry about Functional Vision. These tests are measured 
at every assessment point.

Secondary outcomes III: Brain activity
We will use a 128-channel eWave + cap connected to an 
amplifier (ScienceBeam, Shenzen, China) to record con-
tinuous EEG during the selective attention and motor 
control tasks (1000 Hz sampling rate). Electrode imped-
ances will be kept below 50 kΩ, and electrodes will be 
referenced to the Cz electrode. Offline filtering will 
involve a 0.1 Hz high-pass, 40 Hz low-pass, as well as a 
50  Hz notch using a second-order Butterworth filter 
(–12 dB/octave roll-off, computed linearly with forward 
and backward passes to eliminate phase-shift). EEG will 
be next screened for transient noise, eye movements, and 
muscle artefacts using an automatic artefact rejection 
criterion of ± 100 μV for adults and ± 150 μV for children, 
along with visual inspection. Data from artefact contami-
nated electrodes across all groups will be interpolated 
using three-dimensional splines [52].

Event‑related potential analyses  For event-related 
potential (ERP) analyses, after data cleaning, the EEG 
will be segmented into peri-stimulus epochs from 100 ms 
before stimulus onset to 500 ms after the stimulus onset. 
Subsequently, epochs will be averaged according to the 
relevant conditions, and baseline corrected. The sensory 
and attentional processes measured with ERPs will be 
analyzed with traditional analyses of ERP correlates of 
those mental processes (see below), followed by multi-
variate analysis of EEG activity elicited in the well-known 
time-windows of the said ERP correlates. Multivariate 
analyses of the EEG/ERPs focus on the reference-inde-
pendent characteristics of the whole electrical field across 
the scalp. Here, the multivariate analyses will focus on 
two different measures. First, we will analyze if potential 
differences in EEG/ERPs across conditions and/or popu-
lations stem from modulations in the topographic EEG 
activity. Differences in the topography of EEG response 
forcibly indicate that different configurations of sources 
have been recruited during responses across conditions/
populations of interest. The topographic analyses here 
will involve clustering of the group-averaged EEG/ERP 
activity over the time-window of the ERP components of 
interest. These analyses are aimed at identifying periods 
of stable topographic patterns (topographic maps) and 
differences therein across conditions of interest. After 
the selection of an optimal number of topographic pat-
terns explaining the EEG data, the patterns are fit back 
onto single-subject data; parameters like the EEG pattern 
duration (or map onset, map offset) and global explained 
variance will be analyzed. Second, we will analyze, if the 
potential differences in the EEG/ERPs stem from modu-
lations in the strength of brain responses across different 
conditions/populations. Global Field Power (GFP) is the 
standard deviation of the moment-by-moment voltage of 
the electrical field across the whole scalp and reflects dif-
ferences in the strength of brain response, across two or 
more conditions, within a statistically indistinguishable 
brain network.

These outcomes will be measured at every time point and 
the assessors will not be masked to treatment allocation, 
as these are objective measures.

Cortical visual responses  Visual evoked potentials 
(VEPs) will be extracted from the continuous EEG meas-
ures to assay the time-locked response to the visual tar-
gets and by extension the integrity of the cortical visual 
processing pathway. VEPs are informative about the spa-
tio-temporal brain dynamics of sensory and perceptual 
processes. They consist of a sequence of voltage peaks 

http://www.pedig.net
http://www.pedig.net
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measured over the occipital electrodes: negative peak 
(N100), positive peak (P100), followed by a negative peak 
(N200). VEPs will be recorded, for each eye separately, 
from responses to the color targets in the selective atten-
tion task [53]. These target-elicited VEPs are large in both 
children (+ 4  years old) and adults, and as such should 
serve as robust EEG markers of the visual cortical path-
way integrity related to the fellow/dominant and ambly-
opic/non-dominant eye in adults and children.

Integrity of the sensory visual processes will be meas-
ured by differences in 1) the sequence and/or duration 
of EEG patterns and 2) the strength of brain response, 
measured with GFP, elicited by the visual targets over the 
VEPs’ time-window across different eye conditions and 
populations.

Selective attention processes  Typically, EEG/ERP pro-
cesses underlying selective attention are measured with 
the N2pc component, a traditional marker of attentional 
selection of target objects among distractors. The N2pc 
is a negative-going voltage deflection observed approx. 
200–300  ms after presentation of the stimulus of inter-
est, larger over electrodes contralateral than ipsilateral to 
the side of the stimulus. The strength of visual selective 
attention here will be measured by the difference in the 
mean amplitude of the N2pc elicited by distractors that 
matched vs. mismatched the color of the target. Respec-
tively, the strength of audiovisual selective attention here 
will be measured by comparing the N2pc mean ampli-
tude across distractors presented alone vs. with sound.

For multivariate analyses, the strength of different types 
of selective attention here will be measured by the dif-
ference in the duration of EEG patterns present over the 
N2pc time-window elicited by distractors that match vs. 
mismatch the target color (visual selective attention), and 
distractors presented alone vs. with sound (audiovisual 
selective attention), in line with our previous studies on 
the development of neurocognitive processes underly-
ing audio-visual attention in healthy populations [32, 
46, 53]. In turn, for the GFP analyses, strength of visual 
and audiovisual selective attention here will be meas-
ured by the difference in the GFP elicited over the N2pc 
time-window by distractors that match vs. mismatch 
the target color (visual selective attention), and distrac-
tors presented alone vs. with sound (audiovisual selective 
attention).

Oscillatory analyses: Motor control data  For this study, 
we are especially interested in the primary motor and 
visual cortices bilaterally. The communication between 

these two distant brain areas provides the basis for inte-
gration of complex information, that helps us adapt our 
movement to changes in the environment [54]. Besides 
these two main areas, visuomotor tasks involve the sup-
plementary motor area, the primary sensory cortex, 
the premotor cortex and the parietal cortex [55, 56]. 
Given the number of involved areas, we will include all 
electrodes in the oscillatory analysis. Once the data are 
cleaned according to the abovementioned procedures, 
we will divide the data according to each movement seg-
ment (reach, manipulate, withdraw). An additional seg-
ment of interest is the pre-movement segment, that cor-
responds to 2000 ms before the GO signal and 1000 ms 
after (to include the first part of motion) [57]. The EEG 
and behavioral data will be synchronized post-hoc using 
timestamps.

We will perform time–frequency analysis to investigate 
the power at a specific frequency band during the dif-
ferent segments (or epochs) of the task execution (see 
below). Time–frequency analysis can characterize the 
temporal dynamics of three of the features of oscillations 
contained in the EEG data: frequency, power, and phase 
[58]. Time–frequency power and the phase synchrony 
will be computed. Time–frequency power has been used 
to link brain activity to a variety of cognitive and motor 
mechanisms. Phase synchrony provides information 
about the timing of the oscillations at a specific frequency 
and can be examined across trials to capture how consist-
ent or synchronous the phase of the oscillations is across 
trials [58]. Additionally, this technique provides a close 
interpretation of the neurophysiological mechanisms. 
Time–frequency analysis measures the dynamic changes 
in amplitude and phase of neural oscillations across dif-
ferent frequencies [58]. In a recent study, time–frequency 
analysis has been shown to be able to depict increased 
connectivity between the visual and motor cortex during 
action observation, compared to connectivity between 
other brain areas, whilst other techniques did not detect 
such pattern [59].

In this investigation, we will explore the changes in alpha, 
beta, and gamma frequencies. Whilst alpha power seems 
to predict accuracy in visuomotor tracking tasks [55], 
changes in beta frequency are related to movement plan-
ning and execution [60]. Increased synchronization in 
the high gamma-frequency range has also been shown to 
be related to active movement initiation [61], which may 
provide additional insights on the cortical dynamics of 
motor control.
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Secondary outcomes IV: Adherence and safety
Adherence (total amount of training hours, regu-
larity of training) throughout the treatment will 
be investigated and the visual outcome will be 

correlated to the adherence that is automatically 
recorded by the Vivid Vision Home system. By 
including these measures of adherence to the seri-
ous games intervention, we will obtain important 

Fig. 2  Flowchart of the study procedures and assessments for the amblyopic cohort. Left path would be the order AB and right path BA. Green 
represents the VR intervention and orange represents standard care intervention. Outcome measures are assessed immediately before and after 
each intervention and at 8-weeks follow-up
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information [62], as the traditional treatment is 
known to have low adherence [11].

At the end of the study, the frequency and type of 
adverse events will be analyzed and compared across 
groups by the researcher masked to group allocation.

Participant timeline
The outcome measures will be measured before and after 
the intervention phase and 8 weeks follow up. Specifically 
for the amblyopic cohort, the outcome measures will be 
performed at 5 time points (Fig. 2): pre-training A (T1), 
post-training A (T2), 8-weeks follow up training A and 
pre-training B (T3), post-training B (T4), 8-weeks follow 
up training B (T5). For the control cohort, the outcomes 
will be measured at 3 time points (Fig.  3): pre-training 
(T1), post-training (T2), 8-weeks follow up (T3). Cer-
tified and experienced orthoptists (4 and 35  years of 
experience) will perform the assessments of the primary 
outcome measure (BCVA) and the basic-vision second-
ary outcome measures (see below). The orthoptists will 
be masked to the randomization, i.e., the order of the 
treatment (AB or BA). The remaining secondary out-
comes (functional vision, selective attention, motor con-
trol) will be assessed by the research team. Before the 
start of the treatment, the research team will set up the 
VR games at the participant’s home. Participants will 
receive a manual with instructions on how to use the VR 
games, and access to a website with instructional videos.

Sample size
We calculated the sample size necessary to obtain a sig-
nificant difference (α = 0.05) between our treatment and 
refractive correction based on medium effect size (F’s 
Cohen = 0.25) with 80% power for a crossover design 
immediately after the intervention on our primary end-
point. This estimation resulted in a total sample of 24 
individuals with residual amblyopia. To account for the 
potential dropout, we will increase the sample size by 
25%, resulting in 30 individuals with amblyopia. We will 
additionally recruit 30 age-matched typically develop-
ing individuals to undergo the serious game VR-train-
ing. This sample will serve to account for the potential 
changes in vision, selective attention and motor con-
trol which are known to occur in healthy adults after a 
VR-training.

Recruitment
The amblyopic cohort will be identified through referrals 
by ophthalmologists and optometrists from the Neuro-
ophthalmology, Strabismus and Pediatric Ophthalmol-
ogy Unit of the Dept. of Ophthalmology, HUG, and other 
private clinics. The control cohort will be recruited via 

printed flyers at public venues, schools, and colleagues’ 
children and friends. Recruitment will occur across the 
Geneva, Vaud, and Valais cantons. Participants will be 
offered to participate in the study once we are sure they 
meet all inclusion criteria without fulfilling any exclusion 
criteria. Before entering the study, written informed con-
sent from all parents or caregivers and patients older than 
14 years old will be obtained. Additionally, verbal assent 
will be obtained from participants between 6–14  years 
old. Through the insurance taken by the HES-SO Valais 
(sponsor of the study), the participants are insured for 
possible injuries as a result of their participation in the 
study.

Methods II: Assignment of interventions
Allocation
The amblyopic cohort will be randomly allocated to a 
treatment order (AB, BA) according to type of amblyopia 
(anisometropic, strabismic, mixed) and informed about 
the order by the research team. The allocation sequence 
will be generated with computer-generated random num-
bers, that will be created by an independent person of 
the project and uploaded to REDCap (concealed alloca-
tion with “sealed envelopes”). Only the research team will 
have access to the randomization instrument in REDCap. 
Whilst our sample size calculation is 30 participants in 
the amblyopic cohort (the control cohort will not be ran-
domized), we have created a list with 10 additional cases. 
With this, in case we have unplanned dropouts, we will 
be able to continue with the original allocation list.

Masking
The participants are not masked to the treatment order. 
Primary and secondary endpoint assessors of clinical 
data (orthoptists conducting the evaluation of the vis-
ual function), as well as the statistical analyst, will be 
masked to treatment order assignment. The research 
team, evaluating attention and motor function, are not 
masked as they also conduct the intervention. Never-
theless, these measures are objective and computer-
ized, thus minimizing bias due to lack of masking.

Methods III: Data collection, management, 
and analysis
Data collection
All assessors will be trained to collect the study data. 
We have developed a handbook specific for the AMBER 
RCT in which all information related to the protocol is 
described and every study member has access to it.

The data will be collected at HUG (Geneva, Switzer-
land) and at the patients’ home (data collected directly 
from the Vivid Vision Home software and diary). General 
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patient’s characteristics, such as age, sex and domi-
nant eye will be recorded at baseline. Participants in the 
amblyopic cohort will be classified according to their 
type of amblyopia (anisometropic, strabismic or mixed).

All efforts will be made to promote participant reten-
tion and complete the crossover design of the study. We 
will phone the participants weekly while they are receiv-
ing the VR-based intervention and collect data related to 

Fig. 3  Flowchart of the study procedures and assessments for the control cohort. This cohort only completes the VR intervention. Outcome 
measures are assessed immediately before and after the intervention and at 8-weeks follow-up
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their compliance and adverse events. All participants will 
fill in a diary in which they will report, if they have played 
the games of the intervention, as well as other games (and 
how many hours), to keep track of potential confound-
ers. These data will be used to inform about participant 
retention in the study outcomes.

Data management
All collected data will be coded and subsequently entered 
and stored in REDCap [63, 64], a secure, web-based 
application designed to support data capture for research 
studies by building and managing online surveys and 
databases.

Statistical analysis
Linear Mixed Models (Jamovi & R software) will be used 
to investigate primary and secondary outcomes before 
and after treatment, compared to refractive correction, 
and compared to the healthy control group. We will 
include BCVA and stereoacuity measured at baseline 
and age as covariates. If age shows a significant covari-
ance effect, we will identify clusters of age-based differ-
ences and compare the groups directly by splitting the 
data and using age as a factor in the analysis. For the 
selective attention skills, multivariate analyses will also 
be performed to investigate changes in brain activity 
(CARTOOL [65], STEN software [66], FieldTrip toolbox 
[67], custom scripts in Python). To evaluate motor con-
trol skills, trajectory and velocity profiles using Statistical 
Parametric Mapping [68] will be determined. Structural 
Equation Modelling will be conducted to identify the 
individual and combined value of behavioral and electro-
physiological changes in vision, selective attention, and 
motor control to predict improvements in vision func-
tions (Onyx software).

Methods IV: Monitoring
Independent monitoring will be organized for the RCT 
in which all trial-related documentation will be checked 
in two visits: after the first 3 participants will have been 
recruited and after 20% (i.e., n = 6) of the participants 
will have been recruited. The monitor will check that the 
informed consents are signed, the adverse events forms 
are filled and up to date and that the data is entered in the 
electronic database (REDCap).

Whilst we do not expect the occurrence of adverse 
events, every time an adverse event occurs, the clinical 
team will be notified, and a decision will be made accord-
ing to the severity of the adverse event and its potential 
relation to the treatment.

Discussion
There is a need for innovative treatments for amblyopia 
that can increase patients’ compliance and additionally 
target stereovision and related cognitive skills like func-
tional vision, attention, and motor control skills, gar-
nered with a favorable risk–benefit ratio. In this study, 
we will determine the efficacy of binocular stimulation 
embedded in serous videogames in a VR environment 
as a home-based, child-friendly rehabilitation regime 
for residual amblyopia across children, adolescents, and 
young adults. The inclusion of brain activity measures 
may shed some light into the underlying mechanisms of 
improvement in each type of amblyopia, which will help 
the clinical field personalizing the treatments provided to 
each patient. As such, we will provide this important evi-
dence, to pursue or abandon the approach in amblyopia 
treatment involving binocular treatment delivered in an 
engaging context.

Appendix
Amblyopia: loss or lack of development of clear vision in 
one or both eyes.

Binocular vision: type of vision in which a person is 
able of using both eyes to perceive a single three-dimen-
sional object.

Stereoacuity: visual acuity to perceive objects in three 
dimensions (length, width and depth), solely based on the 
relative positions of the objects in the two eyes.

Strabismus: condition in which both eyes do not look 
at the same place at the same time. It usually occurs in 
people who have poor eye muscle control or are very 
farsighted.
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