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A dichoptic feedback‑based 
oculomotor training method 
to manipulate interocular 
alignment
Andrea Caoli1,2, Silvio P. Sabatini2, Agostino Gibaldi3, Guido Maiello4, Anna Kosovicheva1 & 
Peter Bex1*

Strabismus is a prevalent impairment of binocular alignment that is associated with a spectrum 
of perceptual deficits and social disadvantages. Current treatments for strabismus involve ocular 
alignment through surgical or optical methods and may include vision therapy exercises. In the 
present study, we explore the potential of real-time dichoptic visual feedback that may be used to 
quantify and manipulate interocular alignment. A gaze-contingent ring was presented independently 
to each eye of 11 normally-sighted observers as they fixated a target dot presented only to their 
dominant eye. Their task was to center the rings within 2° of the target for at least 1 s, with feedback 
provided by the sizes of the rings. By offsetting the ring in the non-dominant eye temporally or 
nasally, this task required convergence or divergence, respectively, of the non-dominant eye. Eight 
of 11 observers attained 5° asymmetric convergence and 3 of 11 attained 3° asymmetric divergence. 
The results suggest that real-time gaze-contingent feedback may be used to quantify and transiently 
simulate strabismus and holds promise as a method to augment existing therapies for oculomotor 
alignment disorders.

Strabismus is an impairment of ocular alignment that has a prevalence of around 3–5%1–6. One or both eyes 
may deviate in (esotropia) or out (exotropia), or less frequently, up (hypertropia), down (hypotropia) or rota-
tionally (cyclodeviation). The angle of deviation may be constant or intermittent, with angles below 5° termed 
microtropia, and may be present in all (comitant) or a subset of (noncomitant) gaze directions (for review see7). 
Strabismus is associated with a range of sensory and motor deficits (for review see8). If strabismus occurs during 
critical periods of development, there is a significant risk of amblyopia (for review see9). Strabismic amblyopia 
is associated with deficits in visual acuity10,11, contrast sensitivity12,13, and stereoacuity (for reviews see14,15), as 
well as diplopia16, interocular suppression17, asthenopia18, and abnormal head posture19 and gait20. Many of these 
binocular sensory deficits persist for people with strabismus whose amblyopic monocular visual acuity deficit 
has been successfully treated21. Furthermore, people with strabismus may suffer from decreased quality of life, 
including reductions in self-esteem and self-confidence22–28, and diminished employment29, academic30,31 and 
sports opportunities32 (for reviews see32,33).

The primary means of diagnosing and monitoring strabismus is the cover test, which requires an examiner 
to detect a refixation movement of a deviated eye when the dominant eye is covered34. Although this provides 
an objective measurement of alignment, cover test results also depend on experience of the examiner35 and age 
of the patient36. For example, cover test measurements performed on the same individual by different examin-
ers vary by up to 6–12 prism diopters in primary position, depending on the magnitude of the deviation37. This 
corresponds to 3.4°–6.8° of visual angle which is considerably lower than the accuracy and precision of most 
eye trackers. More recently, cover testing has been automated with dichoptic displays to occlude each eye, paired 
with eye trackers that quantify refixation movements of the deviating eye38–41. Alternatively, imaging methods 

OPEN

1Department of Psychology, Northeastern University, Boston, MA  02115, USA. 2Department of Informatics, 
Bioengineering, Robotics and System Engineering‑DIBRIS, University of Genoa, Via all’Opera Pia 13, 
16145  Genoa, Italy. 3School of Optometry and Vision Science, University of California at Berkeley, Berkeley, 
CA  94720, USA. 4Department of Experimental Psychology, Justus Liebig University Giessen, 35394  Giessen, 
Germany. *email: p.bex@neu.edu

http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-020-72561-y&domain=pdf


2

Vol:.(1234567890)

Scientific Reports |        (2020) 10:15634  | https://doi.org/10.1038/s41598-020-72561-y

www.nature.com/scientificreports/

such as the Hirschberg test42 detect interocular decentrations of the line of sight and a cellphone-based version 
of this test is now available43. These methods are primarily used for the measurement of ocular deviation in pri-
mary, straight-ahead gaze. Estimates of ocular deviation at non-primary directions of gaze can be obtained with 
time-consuming binocular alignment methods, including the synoptophore (invented by Walter Green, made 
by Clement Clarke, 1931–1940 see: collection.sciencemuseum.org.uk), Hess44, Lancaster45, Lees46 and Harms 
Tangent47 screens. In contrast, ocular deviations can be measured at multiple gaze directions in 90 s with eye 
tracking methods and automated occlusion with stereoscopic displays38,39.

Strabismus may be corrected by surgery, which leads to improvements in oculomotor control48,49 and quality 
of life indicators24,28,29,50–55. However, while some studies have reported immediate benefits in stereoacuity fol-
lowing ocular alignment surgery56–60, others have found little or no benefit61–63 and there may be adverse impact 
on postural stability64,65. This suggests that perceptual therapy may be required in addition to surgery and that 
superior outcomes may be observed in patients for whom stereopsis is present before surgery66 (for review see3). 
A surgical outcome is considered successful where 10 diopters or less of horizontal deviation, or 4 diopters 
of vertical deviation are initially obtained, but this may not be retained67 and additional corrective surgery is 
required in 20–50% cases68. Furthermore, surgical complications are frequent69 and over or under-correction 
of ocular deviation is common70.

Alternatively, strabismus may be corrected non-surgically, for example, with prism lenses that alter the light 
path by an angle opposite to the angle of deviation. Although this method is non-invasive, it does not resolve the 
problem in noncomitant strabismus71 and prism use may alter body posture64. Similarly, an eye tracker-enabled 
dichoptic display has been used to shift images in real time to compensate for deviation and this method has 
been shown to facilitate fusion72. Vision therapy for correction of small angle deviation includes ocular motility 
exercises, such as Pencil Push Ups, Brock Strings73 and Barrel Cards. In these training tasks, the patient tracks 
a target that moves in depth, or alternates fixation among targets at different depths, in order to promote ocular 
motility and single vision (for review see74,75). Vision Therapy may be combined with surgery, which together can 
promote long term outcomes (for a review see76). However, the efficacy of Vision Therapy remains controversial 
(for reviews see71,77–83). Considerably less attention has been directed in recent years to the use of feedback for the 
treatment of strabismus (for review see84,85). In most cases, ocular alignment feedback was provided by auditory 
tones with successful case study reports86–88.

In healthy observers, many groups have demonstrated that eye movements can be modified based on sensory 
feedback. In the classic double step paradigm89, a target is shifted during a saccade, and therefore poorly visible to 
the observer90,91, causing a mismatch between the expected and actual foveal endpoint. After many trials, the gain 
of the oculomotor system recalibrates to correct the error (for review see92). We recently modified this paradigm 
with dichoptic feedback to deliver double steps in different directions in each eye93. With this paradigm, we 
transiently induced and reversed ocular misalignment over the course of approximately 150 saccadic eye move-
ments. In follow up research, we showed that the apparent locations of targets estimated by the perceptual system 
were affected by these adaptive changes in saccade amplitude94. In related research, we employed real-time visual 
feedback to train healthy observers to change their gaze behavior to use eccentric fixation95. Observers learned 
to control the on-screen position of a gaze-contingent ring with their eye movements. Feedback was provided 
by the size of the ring, which decreased when the eccentric fixation target was within the ring and decreased 
when the target was outside the ring. Observers learned to control the position of the ring and fixation stability 
significantly improved over 4 training blocks. Furthermore, these improvements in the accuracy and precision 
of eccentric fixation were partially retained over a week.

In the present study, we extend these feedback-based approaches in a proof-of-concept study in normally-
sighted observers to manipulate interocular alignment. We use a standard stereoscopic display and eye tracker to 
control stimuli independently for each eye. A static fixation target is presented only to the observer’s dominant 
eye (assessed with a contrast balance paradigm17), and independent gaze-contingent rings are presented to 
both the observer’s dominant and non-dominant eyes. The observer’s task is to make self-initiated asymmetric 
vergence eye movements to control the positions of the rings so that they are both centered on the fixation 
target. Feedback is provided by the size of the rings, which change in real-time and decrease when the target 
is within the rings or increase if the target is outside the rings. In Experiment 1, the rings were centered on 
the fovea of each eye, which provided training on the feedback method. In Experiment 2 the ring presented to 
the non-dominant eye (NDE) was offset temporally, which required the observer to deviate the NDE inwards 
(asymmetric convergence) to center the rings on the target. In Experiment 3 the ring presented to the NDE was 
offset nasally, which required outward deviation of the NDE (asymmetric divergence) to center the rings on the 
target. The goal of Experiments 2 and 3 was an exploratory investigation of whether feedback could be used to 
train transient asymmetric convergent or divergent fixation. In addition, given the consequences of strabismus 
for binocular sensory processing, we tested whether this transiently-induced misalignment was associated with 
changes in sensory eye dominance.

Methods
Participants.  Eleven participants (seven female, four male) with self-identified normal or corrected-to-nor-
mal vision were recruited from the senior authors’ laboratory and from the undergraduate student population 
at Northeastern University. Undergraduates received course credit towards the completion of their Introductory 
Psychology course in exchange for their participation. All were naive to the purposes of the study at intake and 
indicated their willingness to participate by signing an informed consent document associated with a protocol 
approved by the University Ethics Board. The Northeastern University Ethics Board evaluated the protocol and 
confirmed that this research adhered to the tenets of the Declaration of Helsinki.
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Apparatus.  Eye movements were recorded at a sampling rate of 1000 Hz with an SR Research Eyelink 1000 
infrared eye tracking system, used in conjunction with the Eyelink Toolbox for Matlab96. Observers were cali-
brated with a standard 9-point calibration procedure97 at the beginning of each block of trials while viewing the 
targets binocularly through the same shutter glasses used in the experiment.

Stimuli were presented on a gamma-corrected 27″ BenQ XL2720Z LCD monitor controlled by a Dell XPS 
8300 desktop computer with a Quadro FX 4600 graphics card. The experiment was programmed in Matlab (The 
Mathworks, Inc., Natick, MA) using the Psychophysics Toolbox Version 398–100. Display resolution was set to 
1920 × 1080 at 120 Hz with a mean luminance of 25 cd/m2 through the shutter glasses. Color bit stealing was used 
to generate 10.8 bits of greyscale resolution101. Observers viewed the display binocularly through LCD active 
shutter glasses synchronized to the refresh of the monitor (NVidia 3D Vision; 60 Hz monocular refresh). The 
cross talk of the dichoptic system was 1% measured with a Spectrascan 6500 photometer. Eye movement data 
were successfully recorded through the shutter glasses, as in previous work93,102–104. Observers were seated at a 
viewing distance of 60 cm from the display, with head position stabilized using a chinrest. At this distance, the 
display subtended 52.9° horizontally and 31.2° vertically.

Procedure.  Each observer first completed a pretest measurement of sensory eye dominance, which con-
sisted of 80 trials of only the Eye Dominance procedure described below. This task was completed to quantify 
binocularity instead of a stereoacuity task. Observers then completed 1 to 3 experiments of an Ocular Alignment 
task (40 trials each), according to their ability to converge and/or diverge their eyes. As shown in Fig. 1B, each 
trial in Experiments 1–3 consisted of a gaze-contingent feedback procedure, followed by the same eye domi-
nance task used in the pretest. All observers attempted each experiment initially. If the observer was unable to 
reliably center the rings on the target (see “Procedure”) over the course of approximately 10 trials (with up to 

Figure 1.   Illustration of the training procedure with dichoptic feedback. (A) Stereoscopic shutter glasses were 
used to control the presentation of different images to the two eyes while eye alignment was manipulated in 
Experiments 1–3 (from left to right): bifoveal fixation, convergence, and divergence. The non-dominant and 
dominant eyes are shown in black and red (left and right eyes, respectively). In the bifoveal fixation experiment, 
observers were instructed to maintain fixation centrally with both eyes. In the other two experiments, observers 
maintained fixation with the dominant eye on the target, while shifting the gaze direction of the nondominant 
eye either nasally (Exp 2: convergence) or temporally (Exp 3: divergence). A stationary target dot was shown 
only to the dominant eye (shown in red), and gaze-contingent feedback was provided by expanding/contracting 
rings shown independently to the two eyes (red and black). The observer’s task was to move their eyes so that 
the rings were centered on the target dot. The fixation location of the nondominant eye at two different time 
points (time1 and time2) is indicated by F1 and F2 (not visible to subjects). At time 1, the eyes are aligned, and 
at time 2, the observer has completed an asymmetric vergence movement (Experiments 2 and 3), to move 
the gaze-contingent ring over the stationary target. In Experiments 2 and 3, a constant horizontal offset (5° 
in Experiment 2 and 3° in Experiment 2) was added to the ring in the non-dominant eye, such that the rings 
would be centered on the target when the correct gaze positions were held. Each ring decreased in size when it 
overlapped with the target dot, and increased when it was outside the target dot. The procedure for each trial 
of the Ocular Alignment task is shown in (B), using an example from Experiment 3. The ring and dot in the 
dominant eye were displayed in white to observers (shown in red here for visibility). Observers were instructed 
to center the two rings over the dot and hold this posture for 1000 ms. Immediately afterward, sensory eye 
dominance was measured with a pair of dichoptic Gabors with variable contrast (see “Methods”) and different 
orientations (− 45° and + 45°). Observers then reported the orientation of the dominant percept with a key press.
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1–2 min attempts for each), the experiment was aborted. A total of 11, 8, and 3 participants were able to complete 
Experiments 1, 2, and 3, respectively (see “Results” for details). Aside from the Bifoveal task (Experiment 1), 
which provided all observers with training in the use of real-time feedback, observers were not given additional 
prior training or practice, as our goal was to examine how observers learned to perform these tasks. In all tasks, 
in order to train asymmetric vergence across different gaze directions, the location of the target was randomly 
selected on each trial from nine locations, corresponding to a 3 × 3 invisible grid within the central 15 degrees 
of the display.

Eye dominance.  Sensory eye dominance was measured in a pretest (80 trials) and during all experiments (40 
trials) with a binocular balance paradigm17,105. The results of the pretest were used to estimate the dominant eye 
as the eye reported when the stimulus contrast in each eye was equal. In this task, the stereoscopic display was 
used to present a different Gabor patch, G, to each eye:

where the standard deviation of the circular Gaussian envelope, σ, was 1.7°, the grating’s orientation, θ, was − 45° 
in one eye and + 45° in the other eye, spatial frequency, f, was 4 c/deg and phase, φ, was 0° at the center of the 
image. The large size of the Gabors ensured significant dichoptic overlap, even when the observer’s eyes were 
convergent or divergent. The Michelson contrast of the Gabor in the dominant eye was equal to 1 minus the 
contrast of the Gabor in the non-dominant eye, such that the contrast across both eyes summed to 1. The relative 
contrast of the Gabors was under the control of an adaptive QUEST staircase106 that converged on a contrast 
producing 50% responses for the stimulus presented to the left and right eye, referred to here as the interocular 
balance contrast. The starting contrast of the dominant eye Gabor was randomly drawn from a uniform distri-
bution in the interval 0.4–0.6. The observer’s task was to indicate the orientation of the dominant percept in the 
overlapping region of the two Gabors by pressing the one of two arrow keys: left for counter-clockwise (− 45°) 
or right for clockwise (45°).

The Gabors were presented for 300 ms, with abrupt onset and offset. This duration was determined from 
pilot trials to ensure that the gaze posture established in the ocular alignment task was maintained during the 
eye dominance task. Our results confirm this in the main experiment.

Observers’ responses from the Eye Dominance pretest measurement were used to determine sensory eye 
dominance for the purposes of stimulus presentation in the Ocular Alignment task. The balance contrast was 
estimated from the QUEST data, based on the mean of the posterior probability density function of the threshold 
after 80 pretest trials and the dominance was assigned to the eye that required < 0.5 contrast.

Ocular alignment.  A dichoptic display was used to present a fixation target only to the observer’s dominant 
eye and two gaze-contingent feedback rings (one drawn independently per eye). The fixation target was a white 
(50 cd/m2 through the shutter glasses) dot that subtended 1.6° diameter.

The procedure for each trial is shown in Fig. 1B. A white gaze-contingent feedback ring (line width 1.7 arcmin) 
was presented at the foveal gaze direction of the dominant eye, estimated by the eye tracker. A second, black 
(≈ 0 cd/m2) gaze-contingent feedback ring was presented at a location relative to the foveal direction of gaze of 
the non-dominant eye, with a constant horizontal offset that varied between conditions (see descriptions below 
for each experiment). The rings were the same sizes in the two eyes at all times, with an initial size of 1.38° and 
were continuously and independently updated every 16.7 ms based on relative position of the target dot and the 
feedback ring. The diameter of both rings decreased by 1.7 arcmin per frame (1 pixel @60 Hz per eye, equivalent 
to 1.7°/s) if the dot was inside both rings or increased by 1.7 arcmin per frame if it was outside either ring, up 
to a maximum size of 4.13°. This feedback ensured that the task was possible for observers of any ability level, 
since the ring could increase in size (in principle to cover the whole display if needed, although this could mean 
that very large rings may be less visible than smaller rings). Feedback also continuously promoted alignment 
of the ring on the dot, regardless of the ring size. As shown in Fig. 1B, on each trial, the observer’s task was to 
move their eyes to control the position of the gaze-contingent rings in an attempt to center both rings on the 
dot. At any point during a trial, observers were permitted to abort the trial for any reason if they were unable to 
complete the task. Once the observer held the centers of both rings within 2° of the center of the dot for at least 
1 s, the target dot and rings were replaced with the eye dominance test stimuli (dichoptic Gabors) for 300 ms, 
centered on the location of the target dot. After pressing a key to indicate the orientation of the dominant percept 
(left or right tilt), the observer was allowed unlimited time to rest before pressing the spacebar to initiate the 
next trial. This process of alignment and dominance test was repeated until observers successfully completed 
40 trials for each experiment.

The location of the ring in the non-dominant eye relative to the registered gaze position from the eye tracker 
was adjusted in different experiments to manipulate ocular alignment (Fig. 1).

Experiment 1—bifoveal fixation.  The gaze-contingent ring was centered on the fovea of the non-dominant eye, 
so that the foveae of both eyes were directed at the location of the target dot.

Experiment 2—asymmetric convergence.  The gaze-contingent ring was centered 5° (8.75Δ) in the temporal 
retina of the non-dominant eye. In this case, the dominant eye was directed at the target dot, but the non-
dominant eye must be directed 5° nasally in order to center the ring on the dot. This arrangement simulates 
esotropia107.
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Experiment 3—asymmetric divergence.  The gaze-contingent ring was centered 3° (5.24Δ) in the nasal retina 
of the non-dominant eye. In this case, the dominant eye was directed at the target dot, but the non-dominant eye 
must be directed 3° temporally in order to center the ring on the dot. This arrangement simulates exotropia107. 
In pilot studies, we attempted to match the 5° employed in Experiment 2 for convergence, however, neither of 
the pilot observers were able to perform this task.

Gaze data post‑processing.  Eye position data were collected at 1000 Hz and analyzed offline with Matlab. 
Noise artifacts were reduced using Eyelink software, which applied a heuristic filtering algorithm to the raw gaze 
position samples97. In addition, data that were lost during blinks etc. were interpolated with Matlab’s function 
pchip()108, a method that employs shape-preserving piecewise cubic spline interpolation. After interpolation, 
outlier data points were detected by Matlab’s function movmedian(), where outliers are defined as elements more 
than three local scaled Median Absolute Deviation (MAD)109,110 from the local median over a window length 
specified by the length of all the outlier data times two. For a random variable vector A, composed of N scalar 
observations, MAD is defined as:

Outlier data were replaced with the local median value. Then, the prebuilt function filled with the upper 
threshold value for elements larger than the upper threshold determined by movmedian(). We used a Threshold 
Factor equal to 3/2, for detecting outlier data.

For each trial, we extracted and analyzed gaze positions during time points ranging from − 2000 to + 2000 ms 
relative to the onset of the dichoptic Gabors. We note that on some trials, observers were able to complete the 
task and initiate the next trial quickly, which resulted in a small degree of temporal overlap in the gaze posi-
tion traces analyzed across trials (e.g., the last 1000 ms of the trace from trial 1 could correspond to the same 
time points as the first 1000 ms of the trace from trial 2). Overall, the proportion of trials in which the length 
of overlap was more than 1000 ms was very low (8.6%, 1.3%, and 4.3% of all trials for Experiments 1, 2, and 3, 
respectively), and the results are very similar when overlapping data points are removed from the analysis (see 
Figure S1 in the Supplemental Materials).

Results
Experiment 1—bifoveal fixation.  Observers were required to maintain the foveae of both eyes on the 
fixation target for at least 1 s before completing the eye dominance test. Each eye controlled the position of a 
gaze-contingent ring in the corresponding eye, and observers centered both rings on the location of the target 
dot shown in the dominant eye. Figure 2 shows the horizontal positions of the dominant (red) and non-dom-
inant (blue) eyes of 11 observers during 4.5 s of the alignment and eye dominance tasks. Figure 2A shows the 
mean data across observers and trials. The data show the mean horizontal position of the dominant eye (red) 
and non-dominant eye (blue), shading shows bootstrapped 95% confidence intervals. Figure 2B shows the data 
for each observer as the mean data across 40 trials.

The time interval marked by the dark gray shaded box indicates the time between the start of successful 
binocular fixation and the end of the ocular alignment task at 0 ms. The light gray shaded box from 0 to 300 ms 
indicates the interval corresponding to the eye dominance task. Data points before -1000 ms correspond to a 
period during which subjects were attempting to align their binocular gaze, data points after 300 ms correspond 
to free viewing, blinking and rest periods.

During the final 1 s of the alignment task (dark gray shaded region), the mean gaze direction of both eyes 
was within 0.5° of the location of the fixation target, and this gaze posture was maintained for the duration of 
the eye dominance stimulus (light gray shaded region). At the end of the trial, gaze alignment is more variable 
as feedback was removed and subjects were free to rest and blink. All eleven observers were able to complete this 
task successfully and no trials were aborted. These results are as expected for healthy, visually normal observers.

Experiment 2: asymmetric convergence.  Observers were required to converge their non-dominant 
eye 5° (8.75Δ) nasally for at least 1 s before completing the eye dominance test. The results are plotted in Fig. 3 
in the same format as those in Fig.  2 for Experiment 1. Eight of the eleven subjects were able to finish the 
experiment session. Three observers aborted the entire experiment, six observers aborted a subset of trials (by 
subject: 13, 4, 3, 2, 8 and 7) but were able to reach the end of the 40-trial session; and two observers successfully 
completed all trials without any aborted trials. Among the subjects who completed the experiment, the mean 
number of aborted trials was 4.6 (standard deviation 4.5).

The results are plotted as in Experiment 1, for eight observers. During the final 1 s of the alignment task (dark 
gray shaded region), the non-dominant eye (red curves) was close to the direction of the target (horizontal green 
line) and the non-dominant eye generated approximately 5° of asymmetric convergence for at least 1 s before the 
eye dominance test. Importantly, the convergence was maintained throughout the eye dominance test (light gray 
shaded region). At the end of the trial, after the removal of the monocular fixation target and binocular feedback, 
both eyes returned to binocular alignment within 1 s. Note that both eyes moved towards a position between 
the gaze directions of both eyes, suggesting that both eyes contributed partially to the convergence effort. This 
result shows that gaze-contingent visual feedback could be used to transiently induce asymmetric convergence 
in 73% of normally-sighted observers and that gaze realigned after the trial end.

Experiment 3: asymmetric divergence.  Observers were required to diverge their non-dominant eye 3° 
(5.24Δ) temporally for at least 1 s before completing the eye dominance test. The results are plotted in Fig. 4 in 

MAD = median(|Ai −median(A)|) for i = 1, 2, . . . ,N .
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Figure 2.   Horizontal gaze during bifoveal fixation. The horizontal position of the dominant (red traces) and 
non-dominant (blue traces) eyes of 11 observers in Experiment 1. Gaze positions are shown relative to the 
intended final gaze direction in the non-dominant eye (F2 in Fig. 1), and the green line (at 0°) indicates the 
location of the target dot in the dominant eye. Time points are shown from − 2000 to + 2000 ms, relative to the 
onset time of the dichoptic Gabors (0 ms). The mean data for 40 trials for 11 observers are plotted in (A) and 
shaded regions show bootstrapped 95% confidence intervals. The mean data for 40 trials for each individual 
observer are shown in (B). Time points at 0 ms identify the end of the alignment task (indicating that observers 
had maintained the required fixation pattern for at least 1 s) and the start of the eye dominance task. The dark 
gray shaded box from − 1000 to 0 ms identifies the interval in which observers maintained successful ocular 
alignment, with times < − 1000 ms showing eye position while observers were attempting to center the ring on 
the target. The light gray shaded box from 0 to 300 ms indicates the interval of the eye dominance test (with 
Gabors of opposite orientations shown to the two eyes). Observers were able to move their eyes freely for 
times > 300 ms. See text for details.

Figure 3.   Horizontal gaze during convergent fixation. As Fig. 2, except the data are for 8 observers in the 
convergent fixation task in Experiment 2.
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the same format as those in Figs. 2 and 3. Only three of eleven subjects were able to reach the end of the 40-trial 
session of this task. Eight observers aborted the entire experiment, two observers aborted a subset of trials (6 
trials for one observer, 2 for the other) and one observer successfully completed all trials without any aborted tri-
als. Of the subjects who completed the experiment session, the mean number of aborted trials was 2.7 (standard 
deviation 3.1).

The results are plotted as in Experiments 1 and 2 for the three reliable observers. During the final 1 s of the 
alignment task (dark gray shaded region), the dominant eye (red curves) was close to the direction of the target 
(horizontal green line) and the non-dominant eye generated approximately 3° of asymmetric divergence for at 
least 1 s before the eye dominance test. Importantly, the divergence was maintained throughout the eye domi-
nance test (light gray shaded region). At the end of the trial, after the removal of the monocular fixation target 
and binocular feedback, one of the three observers showed a strong divergence response, but both eyes of all 
three observers moved towards a position between the gaze directions of both eyes, suggesting that both eyes 
contributed partially to the divergence effort. This result shows that gaze-contingent visual feedback could be 
used to transiently induce asymmetric divergence in 27% of normally-sighted observers. Two of the observers 
who were able to perform the divergence task were among the eight observers who were also able to complete 
the convergence task.

Oculomotor learning.  To estimate whether there was any learning involved in performing the oculomotor 
alignment task, we examined the time from the start of each trial to the time at which observers maintained 1 s 
of trained alignment. Aborted trials were excluded from the analysis. Figure 5 shows the mean duration required 
to achieve target alignment on each trial for Experiments 2 and 3. Figure 5a shows the data averaged across the 
eight observers in the convergence task and Fig. 5b shows the average data for three observers in the divergence 
task. The curves show the best fitting three-term exponential decay function of the form:

where T is the duration of each trial, N is the trial number, N0 is the duration at the first trial, τ represents the 
learning duration (1/τ is the rate of learning) and parameter c controls the asymptote of learning. In addition to 
fitting the group-average data with an exponential decay function, we also fit the trial durations individually for 
each participant. The parameter estimates from these fits are shown in Fig. 5c,d, with scatter points representing 
individual observers (see Figure S2 in the Supplemental Materials for the individual plots, which are shown with 
and without the durations of previous aborted attempts added to the trial durations).

The results show that the time taken to obtain the target fixation pattern decreases rapidly over the first few 
trials, suggesting that ocular alignment is quickly learned by those observers who are able to perform this task. 
On average, the observed learning duration was 1.44 trials (95% CI [0.17 6.06]) in the Convergence condition, 
and 0.29 trials (95% CI [0.01 3.56]) in the Divergence condition, and was not significantly different for the each 
of the two observers who completed both conditions (p = 0.99 and p = 0.45 using individual permutation tests, 
see Figure S2 for details). We also note a slight increase in the time required to achieve misalignment in the last 
five trials of the divergence task, which appears to be driven by one observer (Figure S2), and may be related to 
fatigue111.

T = N0 × exp

(

−
N − 1

τ

)

+ c

Figure 4.   Horizontal gaze during divergent fixation. As Fig. 2, except the data are for 3 observers in the 
divergent fixation task in Experiment 3.
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Sensory eye dominance.  Figure S3 in the Supplemental Materials shows the balance contrast across four 
conditions, a pretest condition that was used to quantify ocular dominance before any oculomotor training, and 
during the eye dominance tests in Experiments 1, 2 and 3. The balance contrast is the contrast of the grating pre-
sented to the non-dominant eye at which observers were equally likely to report the orientation of the grating in 
either eye. The results show the mean and 95% confidence intervals of the balance contrast for eleven observers 
in the pretest condition, eleven observers in Experiment 1, eight observers in Experiment 2 and three observers 
in Experiment 3. We note that there was somewhat larger variability in the balance contrast estimates in Experi-
ments 1–3 compared to the initial pre-test. This variability could be due to the reduced number of trials during 
the experiments (40 trials) compared to the pretest (80 trials). Another source of variability could be the brief 
stimulus duration (300 ms in all tasks), which might reflect biases characteristic of the onset stage of binocular 
rivalry112. Despite this variability, we note that balance point estimates are nevertheless well-correlated within 
observers for the pre-test and the bifoveal task (r(9) = 0.61, p = 0.046).

A one-way repeated measures ANOVA with unequal sample sizes showed that there was no statistically sig-
nificant effect of experimental condition (F(3,19) = 0.047, p = 0.986). We therefore tentatively speculate that changes 
in ocular alignment transiently induced in normally-sighted observers may not immediately be associated with 
a change in sensory eye dominance. However, another possibility is that asymmetric vergence and convergence 
differentially change accommodation in the two eyes, which would in turn influence the measured balance con-
trast. Further studies measuring refraction before and after training would be necessary to differentiate between 
these possible interpretations.

Discussion
Strabismus is a prevalent (3–5%) impairment of ocular alignment that is associated with a range of perceptual 
deficits and social disadvantages. Current methods to treat strabismus include surgical or optical alignment and 
vision therapy training. Estimates of the efficacy of each of these methods vary and there are well-documented 
risks of side effects and high levels of recidivism. The present study is an exploratory investigation in healthy 
observers of whether real-time visual feedback may be used to modify interocular alignment in healthy observers. 

Figure 5.   Oculomotor learning. The duration required to achieve target fixation (mis)alignment is shown 
across the 40 trials in each condition. Panels (a) and (b) show the results of a group analysis, in which the 
duration required to achieve misalignment was averaged across (a) 8 observers in Experiment 2, asymmetric 
convergence, and (b) 3 observers in Experiment 3, asymmetric divergence. The curves show the best fitting 
exponential decay functions. Panels (c) and (d) show the fit parameters, when trial durations are fit individually 
for each observer (see Figure S2 for individual plots). The bars in (c) and (d) show the learning rates (1/tau), 
and learning durations (tau), respectively, for the observers in each condition (see text for details). Error bars 
represent 95% bootstrapped confidence intervals.
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The results of Experiment 2 show that 73% of healthy, naive observers were able to learn to converge their eyes 
in a few trials lasting several seconds (12.44 s ± 8.68 s; M ± SD; Fig. 5) to transiently simulate esotropia.

Eye alignment in healthy and natural viewing.  Eye alignment is characterized by a prominent bin-
ocular coordination, both at fixation and during eye movements. At fixation, the eyes show a posture that is 
unique at each gaze direction and vergence angle. According to the binocular extension of Listing’s Law113, 
the relative torsion of the eyes is meant to align the horizontal meridians, thus facilitating stereo correspond-
ence. In addition, eye movement planning has been shown to be adapted to scene statistics114,115. In fact, ver-
gence changes occur during saccades in order to bring the binocular fixation point to the most likely depth in 
the visual scene114,116. Effective and fine adaptation mechanisms are required to ensure a proper eye alignment 
against development, injuries and aging56–60. While these mechanisms are generally effective in healthy subjects, 
a residual functionality has been evidenced in subjects with binocular dysfunctions50–54,100,117. Our results iden-
tify plasticity in healthy adult observers that may possibly be engaged to possibly improve, rehabilitate or restore 
eye alignment in observers with vergence disorders.

Eye alignment in binocular dysfunction.  Standard vision therapy approaches do not record gaze direc-
tion and their outcomes are based on subjective reports of double vision. In contrast, the present feedback-based 
approach employs real-time measures of gaze direction from objective eye tracking. In future work, we propose 
to use this feedback-based method in an attempt to investigate whether real-time visual feedback can be used to 
change interocular alignment in patients with strabismus. In principle, manipulations of gaze direction opposite 
to those used here may be used to transiently simulate orthotropia in patients with strabismus, and preliminary 
data from one exotrope observer suggest that it can.

Strengthening the effects of oculomotor training.  The objective of the current study was to test 
whether it is at all possible for healthy participants to learn to voluntarily modify ocular alignment through 
dichoptic oculomotor training. In order to translate this approach to patient populations, the dichoptic train-
ing procedure could be potentially enhanced in several ways. For instance, we employed naïve observers who 
volunteered for up to an hour in return for course credit and therefore did not examine whether longer periods 
of training could have led to higher success rates. In pilot studies, we decreased the angle of deviation for asym-
metric divergence to 3° (5.24Δ) because the task was more difficult than training 5° (8.75Δ) of convergence 
even for experienced observers. In recent work, we have examined the transfer of learning from smaller angles 
of convergence or divergence118, and we demonstrate that stepwise incremental training can be used to obtain 
progressively larger divergence and convergence angles. We also show that such oculomotor learning is partially 
retained over a period of at least one week (Figure S4). Further studies on the retention of oculomotor training 
would be necessary to establish the utility of this method for clinical applications.

Additionally, our 3D display setup likely caused vergence-accommodation conflicts, which are known to 
hinder binocular fusion111, and might have reduced the training efficacy. Employing simulated peripheral dioptric 
blur in richer, naturalistic training environments may help counteract the adverse effects of vergence-accommo-
dation conflicts102. Refractive error is also linked to stronger vergence-accommodation conflicts119, which may 
have implications particularly for anisometropic strabismic patients who may have different refraction in the two 
eyes. In recent work however we have demonstrated a synergistic link between eye and hand movements in 3D, 
which persists even with simulated asymmetric visual impairment103. It might therefore be possible to exploit 
this link via eye-hand coordination tasks120 to enhance the training effects we find here.

Eye dominance.  The sensory eye dominance task was designed to estimate changes in binocularity during 
training. Given that the misaligned target was presented to the non-dominant eye, we might expect greater atten-
tional task demands in this eye, and thus a shift in eye dominance towards the non-dominant eye121. This could 
potentially provide a mechanism to strengthen the weaker eye in amblyopic and strabismic patients. The results 
of the sensory eye dominance measurement show that ocular misalignment might not immediately change the 
level of eye dominance in healthy observers. However, as we note in the results, changes in accommodation 
could significantly impact these measures. As we did not measure refraction before and after training because 
all observers were healthy young adults who wore their best current refraction, these results are inconclusive, 
and further tests in a larger number of healthy subjects with estimates of refractive error would be required to 
establish the effect of this oculomotor training on perceptual function. We also note that previous work has 
demonstrated mixed results in this area. For example, surgical changes in ocular alignment do not immediately 
lead to changes in perceptual function61–63, whereas other groups have reported immediate benefits in stereo-
acuity following ocular alignment surgery51–55. In either case, the present measurements of eye dominance were 
obtained in normally-sighted observers who do not experience strong suppression, and it is possible that the 
results will be different in strabismic observers who experience chronic or transient suppression. It is also pos-
sible that longer periods of training may be required to observe sensory changes.

Conclusion
The present paper is a proof of concept study to examine the effectiveness of real-time visual feedback to quan-
tify and simulate convergent and divergent strabismus with self-initiated asymmetric vergence movements. The 
results are a promising demonstration that dichoptic feedback may be used to transiently simulate esotropia 
and exotropia in normally-sighted healthy observers. Combining perceptual learning with visual feedback could 
produce improvement of the eye mobility and visual perception. Future work is necessary to test whether this 
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method is effective in patients with strabismus, but the objective is that this approach may be used to augment 
and maintain other interventions.

 Data availability
The datasets for the current study are available in the following OSF repository:  https​://osf.io/h7b2e​/.

Received: 11 March 2020; Accepted: 24 August 2020

References
	 1.	 Beauchamp, G. R. et al. The management of strabismus in adults—I. Clinical characteristics and treatment. J. Am. Assoc. Pediatr. 

Ophthalmol. Strabismus 7, 233–240 (2003).
	 2.	 Brown, S. A. et al. Prevalence of amblyopia and associated refractive errors in an adult population in Victoria Australia. Oph-

thalmic Epidemiol. 7, 249–258 (2000).
	 3.	 Fresina, M. & Campos, E. C. A 1-year review of amblyopia and strabismus research. Asia Pac J. Ophthalmol. 3, 379–387 (2014).
	 4.	 Friedman, D. S. et al. Prevalence of amblyopia and strabismus in White and African-American children aged 6 through 71 

months: the Baltimore Pediatric Eye Disease Study. Ophthalmology 116, 2128-2134.e1–2 (2009).
	 5.	 Friedmann, L., Biedner, B., David, R. & Sachs, U. Screening for refractive errors, strabismus and other ocular anomalies from 

ages 6 months to 3 years. J. Pediatr. Ophthalmol. Strabismus 17, 315–317 (1980).
	 6.	 Graham, P. A. Epidemiology of strabismus. Br. J. Ophthalmol. 58, 224–231 (1974).
	 7.	 Gunton, K. B., Wasserman, B. N. & DeBenedictis, C. Strabismus. Prim. Care Clin. Off. Pract. 42, 393–407 (2015).
	 8.	 Milleret, C. & Bui Quoc, E. Beyond rehabilitation of acuity, ocular alignment, and binocularity in infantile strabismus. Front. 

Syst. Neurosci. https​://doi.org/10.3389/fnsys​.2018.00029​ (2018).
	 9.	 Pascual, M. et al. Risk factors for amblyopia in the vision in preschoolers study. Ophthalmology 121, 622-629.e1 (2014).
	 10.	 Freeman, A. W., Nguyen, V. A. & Jolly, N. Components of visual acuity loss in strabismus. Vis. Res. 36, 765–774 (1996).
	 11.	 Hess, R. F. On the relationship between strabismic amblyopia and eccentric fixation. Br. J. Ophthalmol. 61, 767–773 (1977).
	 12.	 Abrahamsson, M. & Sjöstrand, J. Contrast sensitivity and acuity relationship in strabismic and anisometropic amblyopia. Br. J. 

Ophthalmol. 72, 44 (1988).
	 13.	 Chatzistefanou, K. I. et al. Contrast sensitivity in amblyopia: the fellow eye of untreated and successfully treated amblyopes. J. 

Am. Assoc. Pediatr. Ophthalmol. Strabismus 9, 468–474 (2005).
	 14.	 Levi, D. M., Knill, D. C. & Bavelier, D. Stereopsis and amblyopia: a mini-review. Vis. Res. 114, 17–30 (2015).
	 15.	 Read, J. C. A. Stereo vision and strabismus. Eye 29, 214–224 (2015).
	 16.	 Newsham, D., O’Connor, A. R. & Harrad, R. A. Incidence, risk factors and management of intractable diplopia. Br. J. Ophthalmol. 

102, 393–397 (2018).
	 17.	 Kwon, M., Wiecek, E., Dakin, S. C. & Bex, P. J. Spatial-frequency dependent binocular imbalance in amblyopia. Sci. Rep. 5, 17181 

(2015).
	 18.	 Kim, S.-H. et al. Clinical research on the ophthalmic factors affecting 3D asthenopia. J. Pediatr. Ophthalmol. Strabismus 49, 

248–253 (2012).
	 19.	 Erkan Turan, K. et al. Ocular causes of abnormal head position: strabismus clinic data. Turk. J. Ophthalmol. 47, 211–215 (2017).
	 20.	 Odenrick, P., Sandstedt, P. & Lennerstrand, G. Postural sway and gait of children with convergent strabismus. Dev. Med. Child 

Neurol. 26, 495–499 (1984).
	 21.	 Dorr, M. et al. Binocular summation and suppression of contrast sensitivity in strabismus, fusion and amblyopia. Front. Hum. 

Neurosci. 13, 234 (2019).
	 22.	 Bernfeld, A. Psychological repercussions of strabismus in children. J. Fr. Ophtalmol. 5, 523–530 (1982).
	 23.	 Chai, Y. et al. Vision-related quality of life and emotional impact in children with strabismus: a prospective study. J. Int. Med. 

Res. 37, 1108–1114 (2009).
	 24.	 Hatt, S. R., Leske, D. A., Kirgis, P. A., Bradley, E. A. & Holmes, J. M. The effects of strabismus on quality of life in adults. Am. J. 

Ophthalmol. 144, 643–647 (2007).
	 25.	 McBain, H. B. et al. Factors associated with quality of life and mood in adults with strabismus. Br. J. Ophthalmol. 98, 550–555 

(2014).
	 26.	 Menon, V., Saha, J., Tandon, R., Mehta, M. & Khokhar, S. Study of the psychosocial aspects of strabismus. J. Pediatr. Ophthalmol. 

Strabismus 39, 203–208 (2002).
	 27.	 Olitsky, S. E. et al. The negative psychosocial impact of strabismus in adults. J. Am. Assoc. Pediatr. Ophthalmol. Strabismus 3, 

209–211 (1999).
	 28.	 Satterfield, D., Keltner, J. L. & Morrison, T. L. Psychosocial aspects of strabismus study. Arch. Ophthalmol. 111, 1100–1105 (1993).
	 29.	 Coats, D. K., Paysse, E. A., Towler, A. J. & Dipboye, R. L. Impact of large angle horizontal strabismus on ability to obtain employ-

ment. Ophthalmology 107, 402–405 (2000).
	 30.	 Uretmen, O. et al. Negative social bias against children with strabismus. Acta Ophthalmol. Scand. 81, 138–142 (2003).
	 31.	 Wen, G. et al. General health-related quality of life in preschool children with strabismus or amblyopia. Ophthalmology 118, 

574–580 (2011).
	 32.	 Durnian, J. M., Noonan, C. P. & Marsh, I. B. The psychosocial effects of adult strabismus: a review. Br. J. Ophthalmol. 95, 450–453 

(2011).
	 33.	 MacKenzie, K. et al. Psychosocial interventions for improving quality of life outcomes in adults undergoing strabismus surgery. 

Cochrane Database Syst. Rev. https​://doi.org/10.1002/14651​858.CD010​092.pub4 (2016).
	 34.	 Gamble, J. D. Identifying deviations by the cover test. Opt. J. Rev. Optom. 87, 31 (1950).
	 35.	 Fogt, N., Baughman, B. J. & Good, G. The effect of experience on the detection of small eye movements. Optom. Vis. Sci. 77, 

670–674 (2000).
	 36.	 Williams, C., Harrad, R. A., Harvey, I., Sparrow, J. M. & ALSPAC Study Team. Screening for amblyopia in preschool children: 

results of a population-based, randomised controlled trial. ALSPAC Study Team. Avon Longitudinal Study of Pregnancy and 
Childhood. Ophthalmic Epidemiol. 8, 279–295 (2001).

	 37.	 Pediatric Eye Disease Investigator Group. Interobserver reliability of the prism and alternate cover test in children with esotropia. 
Arch. Ophthalmol. Chic. Ill 1960(127), 59–65 (2009).

	 38.	 Kosovicheva, A. A., Kazlas, M. & Hunter, D.G. What can we learn about strabismus from a 90 second gaze recording? Rapid 
evaluation of oculomotor deficits in strabismus. In ARVO (2017).

	 39.	 Weber, K. P. et al. Strabismus measurements with novel video goggles. Ophthalmology 124, 1849–1856 (2017).
	 40.	 Yehezkel, O., Belkin, M. & Wygnanski-Jaffe, T. Automated diagnosis and measurement of strabismus in children. Am. J. Oph-

thalmol. https​://doi.org/10.1016/j.ajo.2019.12.018 (2019).
	 41.	 Mestre, C., Otero, C., Díaz-Doutón, F., Gautier, J. & Pujol, J. An automated and objective cover test to measure heterophoria. 

PLoS ONE 13, e0206674 (2018).

https://osf.io/h7b2e/
https://doi.org/10.3389/fnsys.2018.00029
https://doi.org/10.1002/14651858.CD010092.pub4
https://doi.org/10.1016/j.ajo.2019.12.018


11

Vol.:(0123456789)

Scientific Reports |        (2020) 10:15634  | https://doi.org/10.1038/s41598-020-72561-y

www.nature.com/scientificreports/

	 42.	 Hirschberg, J. Über Messung des Schielgrades und Dosirung der Schieloperation. Cent. Prakt. Augenheilkd. 8, 325–327 (1885).
	 43.	 Pundlik, S., Tomasi, M., Liu, R., Houston, K. & Luo, G. Development and preliminary evaluation of a smartphone app for 

measuring eye alignment. Transl. Vis. Sci. Technol. 8, 19–19 (2019).
	 44.	 Hess, W. R. Eine Neue Untersuchungsmethode bei Doppelbildern. Arch. Augenheilkd. 62, 233–238 (1908).
	 45.	 Lancaster, W. B. Detecting, measuring plotting and interpreting ocular deviations. Arch. Ophthalmol. 22, 867–880 (1939).
	 46.	 Lees, V. T. A new method of applying the screen test for inter-ocular muscle balance. Br. J. Ophthalmol. 33, 54–59 (1949).
	 47.	 Harms, H. Über die Untersuchung von Augenmuskellähmungen. Albrecht Von Graefes Arch. Für Ophthalmol. 144, 129–149 

(1941).
	 48.	 Bucci, M. P., Brémond-Gignac, D. & Kapoula, Z. Speed and accuracy of saccades, vergence and combined eye movements in 

subjects with strabismus before and after eye surgery. Vis. Res. 49, 460–469 (2009).
	 49.	 Bucci, M. P., Kapoula, Z., Yang, Q., Roussat, B. & Brémond-Gignac, D. Binocular coordination of saccades in children with 

strabismus before and after surgery. Investig. Ophthalmol. Vis. Sci. 43, 1040–1047 (2002).
	 50.	 Archer, S. M., Musch, D. C., Wren, P. A., Guire, K. E. & Del Monte, M. A. Social and emotional impact of strabismus surgery 

on quality of life in children. J. Am. Assoc. Pediatr. Ophthalmol. Strabismus 9, 148–151 (2005).
	 51.	 Hatt, S. R., Leske, D. A., Liebermann, L. & Holmes, J. M. Changes in health-related quality of life 1 year following strabismus 

surgery. Am. J. Ophthalmol. 153, 614–619 (2012).
	 52.	 Jackson, S., Harrad, R. A., Morris, M. & Rumsey, N. The psychosocial benefits of corrective surgery for adults with strabismus. 

Br. J. Ophthalmol. 90, 883–888 (2006).
	 53.	 Koklanis, K., Abel, L. A. & Aroni, R. Psychosocial impact of amblyopia and its treatment: a multidisciplinary study. Clin. Exp. 

Ophthalmol. 34, 743–750 (2006).
	 54.	 Nelson, B. A., Gunton, K. B., Lasker, J. N., Nelson, L. B. & Drohan, L. A. The psychosocial aspects of strabismus in teenagers and 

adults and the impact of surgical correction. J. Am. Assoc. Pediatr. Ophthalmol. Strabismus 12, 72-76.e1 (2008).
	 55.	 Rogers, G. L., Chazan, S., Fellows, R. & Tsou, B. H. Strabismus surgery and its effect upon infant development in congenital 

esotropia. Ophthalmology 89, 479–483 (1982).
	 56.	 Dickmann, A. et al. Improved sensory status and quality-of-life measures in adult patients after strabismus surgery. J. Am. Assoc. 

Pediatr. Ophthalmol. Strabismus 17, 25–28 (2013).
	 57.	 Fatima, T., Amitava, A. K., Siddiqui, S. & Ashraf, M. Gains beyond cosmesis: recovery of fusion and stereopsis in adults with 

longstanding strabismus following successful surgical realignment. Indian J. Ophthalmol. 57, 141 (2009).
	 58.	 Lal, G. & Holmes, J. M. Postoperative stereoacuity following realignment for chronic acquired strabismus in adults. J. AAPOS 

Off. Publ. Am. Assoc. Pediatr. Ophthalmol. Strabismus 6, 233–237 (2002).
	 59.	 Oneal, T. D., Rosenbaum, A. L. & Stathacopoulos, R. A. Distance stereo acuity improvement in intermittent exotropic patients 

following strabismus surgery. J. Pediatr. Ophthalmol. Strabismus 32, 353–357 (1995) (discussion 358).
	 60.	 Yildirim, C., Mehmet Mutlu, F., Chen, Y. & Altinsoy, H. I. Assessment of central and peripheral fusion and near and distance 

stereoacuity in intermittent exotropic patients before and after strabismus surgery. Am. J. Ophthalmol. 128, 222–230 (1999).
	 61.	 Kushner, B. J. Intractable diplopia after strabismus surgery in adults. Arch. Ophthalmol. 120, 1498 (2002).
	 62.	 Mets, M. B., Beauchamp, C. & Haldi, B. A. Binocularity following surgical correction of strabismus in adults. J. Am. Assoc. 

Pediatr. Ophthalmol. Strabismus 8, 435–438 (2004).
	 63.	 Zhou, J., Wang, Y., Feng, L., Wang, J. & Hess, R. F. Straightening the eyes doesn’t rebalance the brain. Front. Hum. Neurosci. https​

://doi.org/10.3389/fnhum​.2017.00453​ (2017).
	 64.	 Legrand, A., Bui-Quoc, E. & Bucci, M. P. Re-alignment of the eyes, with prisms and with eye surgery, affects postural stability 

differently in children with strabismus. Graefes Arch. Clin. Exp. Ophthalmol. 250, 849–855 (2012).
	 65.	 Matsuo, T., Narita, A., Senda, M., Hasebe, S. & Ohtsuki, H. Body sway increases immediately after strabismus surgery. Acta Med. 

Okayama 60, 13–24 (2006).
	 66.	 Birch, E. E., Stager, D. R. Sr., Berry, P. & Leffler, J. Stereopsis and long-term stability of alignment in esotropia. J. Am. Assoc. 

Pediatr. Ophthalmol. Strabismus 8, 146–150 (2004).
	 67.	 Hatt, S. R., Leske, D. A., Liebermann, L. & Holmes, J. M. Comparing outcome criteria performance in adult strabismus surgery. 

Ophthalmology 119, 1930–1936 (2012).
	 68.	 Simonsz, H. J., Kolling, G. H. & Unnebrink, K. Final report of the early vs late infantile strabismus surgery study (ELISSS), a 

controlled, prospective, multicenter study. Strabismus 13, 169–199 (2005).
	 69.	 Bradbury, J. A. & Taylor, R. H. Severe complications of strabismus surgery. J. Am. Assoc. Pediatr. Ophthalmol. Strabismus 17, 

59–63 (2013).
	 70.	 Mills, M. D., Coats, D. K., Donahue, S. P. & Wheeler, D. T. Strabismus surgery for adults: a report by the American Academy of 

Ophthalmology. Ophthalmology 111, 1255–1262 (2004).
	 71.	 Scheiman, M., Gwiazda, J. & Li, T. Non-surgical interventions for convergence insufficiency. Cochrane Database Syst. Rev. https​

://doi.org/10.1002/14651​858.CD006​768.pub2 (2011).
	 72.	 Schmidt, C., Kallenberger, S. M. & Carmesin, H. O. Eye tracking controlled biofeedback for orthoptic diagnosis and fusion 

therapy. In Advances in Psychology Research, Vol. 51, 189–213 (Nova Science Publishers Inc, 2007).
	 73.	 Brock, F. W. Conditioning the squinter to normal visual habits. Optom. Wkly. 32, 793–801 (1941).
	 74.	 Convergence Insufficiency Treatment Trial Study Group. Randomized clinical trial of treatments for symptomatic convergence 

insufficiency in children. Arch. Ophthalmol. 126, 1336–1349 (2008).
	 75.	 Shainberg, M. J. Vision therapy and orthoptics. Am. Orthopt. J. 60, 28–32 (2010).
	 76.	 Figueira, E. C. & Hing, S. Intermittent exotropia: comparison of treatments. Clin. Exp. Ophthalmol. 34, 245–251 (2006).
	 77.	 Barrett, B. T. A critical evaluation of the evidence supporting the practice of behavioural vision therapy. Ophthalmic Physiol. 

Opt. 29, 4–25 (2009).
	 78.	 Coffey, B., Wick, B., Cotter, S., Scharre, J. & Horner, D. Treatment options in intermittent exotropia: a critical appraisal. Optom. 

Vis. Sci. 69, 386–404 (1992).
	 79.	 Hatt, S. R. & Gnanaraj, L. Interventions for intermittent exotropia. In Cochrane Database of Systematic Reviews (eds. The 

Cochrane Collaboration & Hatt, S. R.) (Wiley, New York, 2013).
	 80.	 Helveston, E. M. Visual training: current status in ophthalmology. Am. J. Ophthalmol. 140, 903–910 (2005).
	 81.	 Karlsson, V. Does nonsurgical treatment of exodeviations work?. Am. Orthopt. J. 59, 18–25 (2009).
	 82.	 Rawstron, J. A., Burley, C. D. & Elder, M. J. A systematic review of the applicability and efficacy of eye exercises. J. Pediatr. 

Ophthalmol. Strabismus 42, 82–88 (2005).
	 83.	 Whitecross, S. Vision therapy: are you kidding me? Problems with current studies. Am. Orthopt. J. 63, 36–40 (2013).
	 84.	 Ciuffreda, K. J. & Goldrich, S. G. Oculomotor biofeedback therapy. Int. Rehabil. Med. 5, 111–117 (1983).
	 85.	 Rotberg, M. H. & Surwit, R. S. Biofeedback techniques in the treatment of visual and ophthalmologic disorders: a review of the 

literature. Biofeedback Self-Regul. 6, 375–388 (1981).
	 86.	 Afanador, A. J. Auditory biofeedback and intermittent exotropia. J. Am. Optom. Assoc. 53, 481–483 (1982).
	 87.	 Hirons, R. & Yolton, R. L. Biofeedback treatment of strabismus: case studies. J. Am. Optom. Assoc. 49, 875–882 (1978).
	 88.	 van Brocklin, M. D., Vasché, T. R., Hirons, R. R. & Yolton, R. L. Biofeedback enhanced strabismus therapy. J. Am. Optom. Assoc. 

52, 731–736 (1981).
	 89.	 McLaughlin, S. C. Parametric adjustment in saccadic eye movements. Percept. Psychophys. 2, 359–362 (1967).

https://doi.org/10.3389/fnhum.2017.00453
https://doi.org/10.3389/fnhum.2017.00453
https://doi.org/10.1002/14651858.CD006768.pub2
https://doi.org/10.1002/14651858.CD006768.pub2


12

Vol:.(1234567890)

Scientific Reports |        (2020) 10:15634  | https://doi.org/10.1038/s41598-020-72561-y

www.nature.com/scientificreports/

	 90.	 Dorr, M. & Bex, P. J. Peri-saccadic natural vision. J. Neurosci. 33, 1211–1217 (2013).
	 91.	 Volkmann, F. C. Vision during voluntary saccadic eye movements. JOSA 52, 571–578 (1962).
	 92.	 Pélisson, D., Alahyane, N., Panouillères, M. & Tilikete, C. Sensorimotor adaptation of saccadic eye movements. Neurosci. Biobe-

hav. Rev. 34, 1103–1120 (2010).
	 93.	 Maiello, G., Harrison, W. J. & Bex, P. J. Monocular and binocular contributions to oculomotor plasticity. Sci. Rep. 6, 31861 (2016).
	 94.	 Kosovicheva, A. & Bex, P. J. Perceptual effects of unequal saccadic adaptation produced by a dichoptic step. J. Vis. 20, 7–7 (2020).
	 95.	 Rose, D. & Bex, P. Peripheral oculomotor training in individuals with healthy visual systems: effects of training and training 

transfer. Vis. Res. 133, 95–99 (2017).
	 96.	 Cornelissen, F. W., Peters, E. M. & Palmer, J. The Eyelink Toolbox: eye tracking with MATLAB and the Psychophysics Toolbox. 

Behav. Res. Methods Instrum. Comput. J. Psychon. Soc. Inc. 34, 613–617 (2002).
	 97.	 Stampe, D. M. Heuristic filtering and reliable calibration methods for video-based pupil-tracking systems. Behav. Res. Methods 

Instrum. Comput. 25, 137–142 (1993).
	 98.	 Brainard, D. H. The Psychophysics Toolbox. Spat. Vis. 10, 433–436 (1997).
	 99.	 Kleiner, M., Brainard, D. & Pelli, D. G. What’s new in Psychtoolbox-3? In Vol. Abstract Supplement (Perception, 2007).
	100.	 Pelli, D. G. The VideoToolbox software for visual psychophysics: transforming numbers into movies. Spat. Vis. 10, 437–442 

(1997).
	101.	 Tyler, C. W. Colour bit-stealing to enhance the luminance resolution of digital displays on a single pixel basis. Spat. Vis. 10, 

369–377 (1997).
	102.	 Maiello, G., Chessa, M., Solari, F. & Bex, P. J. Simulated disparity and peripheral blur interact during binocular fusion. J. Vis. 14, 

13 (2014).
	103.	 Maiello, G., Kwon, M. & Bex, P. J. Three-dimensional binocular eye–hand coordination in normal vision and with simulated 

visual impairment. Exp. Brain Res. https​://doi.org/10.1007/s0022​1-017-5160-8 (2018).
	104.	 Maiello, G., Chessa, M., Bex, P. J. & Solari, F. Near-optimal combination of disparity across a log-polar scaled visual field. PLoS 

Comput. Biol. 16, e1007699 (2020).
	105.	 Xu, J. P., He, Z. J. & Ooi, T. L. A binocular perimetry study of the causes and implications of sensory eye dominance. Vis. Res. 

51, 2386–2397 (2011).
	106.	 Watson, A. B. & Pelli, D. G. QUEST: a Bayesian adaptive psychometric method. Percept. Psychophys. 33, 113–120 (1983).
	107.	 Wybar, K. & Thatcher, B. Significance of eccentric fixation in squint. Br. J. Ophthalmol. 44, 472–491 (1960).
	108.	 Fritsch, F. N. & Carlson, R. E. Monotone piecewise cubic interpolation. SIAM J. Numer. Anal. 17, 238–246 (1980).
	109.	 Leys, C., Ley, C., Klein, O., Bernard, P. & Licata, L. Detecting outliers: do not use standard deviation around the mean, use 

absolute deviation around the median. J. Exp. Soc. Psychol. 49, 764–766 (2013).
	110.	 Hampel, F. R. The influence curve and its role in robust estimation. J. Am. Stat. Assoc. 69, 383–393 (1974).
	111.	 Hoffman, D. M., Girshick, A. R., Akeley, K. & Banks, M. S. Vergence–accommodation conflicts hinder visual performance and 

cause visual fatigue. J. Vis. 8, 33–33 (2008).
	112.	 Carter, O. & Cavanagh, P. Onset rivalry: brief presentation isolates an early independent phase of perceptual competition. PLoS 

ONE 2, e343 (2007).
	113.	 Mok, D., Ro, A., Cadera, W., Crawford, J. D. & Vilis, T. Rotation of Listing’s plane during vergence. Vis. Res. 32, 2055–2064 

(1992).
	114.	 Gibaldi, A. & Banks, M. S. Binocular eye movements are adapted to the natural environment. J. Neurosci. 39, 2877–2888 (2019).
	115.	 Gibaldi, A., Canessa, A. & Sabatini, S. P. The active side of stereopsis: fixation strategy and adaptation to natural environments. 

Sci. Rep. 7, 1–18 (2017).
	116.	 Enright, J. T. Changes in vergence mediated by saccades. J. Physiol. 350, 9–31 (1984).
	117.	 Griffiths, H., Whittle, J. & Buckley, D. The effect of distractors on saccades and adaptation of saccades in strabismus. Vis. Res. 

51, 2405–2424 (2011).
	118.	 Walter, K., Taveras-Cruz, Y. & Bex, P. Transfer and retention of oculomotor alignment rehabilitation training. J. Vis. 20, 9–9 

(2020).
	119.	 Maiello, G., Kerber, K. L., Thorn, F., Bex, P. J. & Vera-Diaz, F. A. Vergence driven accommodation with simulated disparity in 

myopia and emmetropia. Exp. Eye Res. 166, 96–105 (2018).
	120.	 Vedamurthy, I. et al. Recovering stereo vision by squashing virtual bugs in a virtual reality environment. Philos. Trans. R Soc. B 

Biol. Sci. 371, 20150264 (2016).
	121.	 Chong, S. C. & Blake, R. Exogenous attention and endogenous attention influence initial dominance in binocular rivalry. Vis. 

Res. 46, 1794–1803 (2006).

Acknowledgements
PJB and AK were supported by funding from the National Institutes of Health (R01 EY029713 to PJB and F32 
EY028814 to AK). AG was supported by the Center for Innovation in Vision and Optics. GM was supported 
by a Marie-Skłodowska-Curie Actions Individual Fellowship (H2020-MSCA-IF-2017: ’VisualGrasping’ Project 
ID: 793660).

Author contributions
A.C., S.S. and P.B. designed the experiment; A.C., G.M., P.B. and A.K. wrote the experimental software, A.C., 
S.S., A.G. and P.B. analyzed the results, A.C., S.S., A.G. G.M., A.K. and P.B. wrote and reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary information  is available for this paper at https​://doi.org/10.1038/s4159​8-020-72561​-y.

Correspondence and requests for materials should be addressed to P.B.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1007/s00221-017-5160-8
https://doi.org/10.1038/s41598-020-72561-y
www.nature.com/reprints


13

Vol.:(0123456789)

Scientific Reports |        (2020) 10:15634  | https://doi.org/10.1038/s41598-020-72561-y

www.nature.com/scientificreports/

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

© The Author(s) 2020

http://creativecommons.org/licenses/by/4.0/

	A dichoptic feedback-based oculomotor training method to manipulate interocular alignment
	Anchor 2
	Anchor 3
	Methods
	Participants. 
	Apparatus. 
	Procedure. 
	Eye dominance. 
	Ocular alignment. 
	Experiment 1—bifoveal fixation. 
	Experiment 2—asymmetric convergence. 
	Experiment 3—asymmetric divergence. 


	Gaze data post-processing. 

	Results
	Experiment 1—bifoveal fixation. 
	Experiment 2: asymmetric convergence. 
	Experiment 3: asymmetric divergence. 
	Oculomotor learning. 
	Sensory eye dominance. 

	Discussion
	Eye alignment in healthy and natural viewing. 
	Eye alignment in binocular dysfunction. 
	Strengthening the effects of oculomotor training. 
	Eye dominance. 

	Conclusion
	References
	Acknowledgements


