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Abstract

Previous studies have employed different experimental approaches to enhance visual function in
adults with amblyopia including perceptual learning, videogame play, and dichoptic training.
Here, we evaluated the efficacy of a novel dichoptic action videogame combining all three
approaches. This experimental intervention was compared to a conventional, yet unstudied method
of supervised occlusion while watching movies.

Adults with unilateral amblyopia were assigned to either playing the dichoptic action game (n =
23; ‘game’ group), or to watching movies monocularly while the fellow eye was patched (n = 15;
‘movies’ group) for a total of 40 h.

Following training, visual acuity (VA) improved on average by ~0.14 logMAR (~27%) in the
game group, with improvements noted in both anisometropic and strabismic patients. This
improvement is similar to that described after perceptual learning, video game play or dichoptic
training. Surprisingly, patients with anisometropic amblyopia in the movies group showed similar
improvement, revealing a greater impact of supervised occlusion in adults than typically thought.
Stereoacuity, reading speed, and contrast sensitivity improved more for game group participants
compared with movies group participants. Most improvements were largely retained following a
2-month no-contact period.
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This novel video game, which combines action gaming, perceptual learning and dichoptic
presentation, results in VA improvements equivalent to those previously documented with each of
these techniques alone. Interestingly, however, our game intervention led to greater improvement
than control training in a variety of visual functions, thus suggesting that this approach has
promise for the treatment of adult amblyopia.
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1. Introduction

Amblyopia is a developmental disorder which results from physiological alterations in the
visual cortex early in life (Ciuffreda, Levi, & Selenow, 1991). It is considered the most
frequent cause of vision loss in infants and young children aside from refractive error,
affecting roughly 1-4% of the population worldwide (Birch, 2013; Drover et al., 2008;
Friedman et al., 2009; McKean-Cowdin et al., 2013; Multi-Ethnic Pediatric Eye Disease
Study (MEPEDS) Group, 2009; Williams et al., 2008). In addition to the reduced visual
acuity, amblyopic individuals experience a broad range of lowand high-level visual deficits.
These include reduced contrast sensitivity (Bradley & Freeman, 1981; Hess & Holliday,
1992; Levi & Harwerth, 1977), high levels of spatial uncertainty (Hess & Holliday, 1992;
Levi & Klein, 1982, 1985) spatial distortion (Bedell & Flom, 1981, 1983), and impaired
reading abilities (Levi, Song, & Pelli, 2007; see reviews in Kiorpes, 2006; and in Levi,
2006), among others.

Traditionally, it was thought that the visual deficits in amblyopia (and particularly visual
acuity) could only be reversed if amblyopia treatment was implemented before the end of
the critical period for visual development, by the age of 6-8 years (Von Noorden, 1981).
The standard treatment for childhood amblyopia is occlusion therapy (patching of the good
eye), with 120 h of occlusion resulting in, on average, a one-line (0.1 logMAR)
improvement in visual acuity at 6 years of age (Stewart et al., 2007). No data on the efficacy
of patching is available for adults. Interestingly, however, the notion that the adult visual
system is beyond the critical period for plasticity has been challenged with several studies
providing compelling evidence for improved vision in amblyopic adults following training.
These studies have mostly employed three different kinds of intervention: monocular
perceptual learning (PL), monocular videogame play (VGP) and dichoptic PL/VGP.

The initial studies employing PL did so under monocular viewing with the participants being
required to perform fine discriminations of basic stimulus features over thousands of trials
with their amblyopic eye only (Astle, Webb, & McGraw, 2011; Chung, Li, & Levi, 2006,
2008; see recent reviews in Levi & Li, 2009; Levi & Polat, 1996; Levi, Polat, & Hu, 1997;
Li, Klein, & Levi, 2008; Li & Levi, 2004; Li et al., 2005; Polat, 2008; Polat et al., 2004;
Zhang et al., 2013, 2014; Zhou et al., 2006). Improvements, although sometimes taskand
stimulus-specific (see Zhang et al., 2014), often show some transfer to visual acuity (Levi &
Li, 2009; Levi & Polat, 1996; Levi, Polat, & Hu, 1997; Li & Levi, 2004) and even
stereovision (Zhang et al., 2014).
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One serious limitation of this approach is that PL is typically repetitious and boring. Thus,
several recent studies have investigated retraining the amblyopic eye through video game
play. Video games have been shown to enhance vision and visual attention in normally
sighted adults (see Achtman, Green, & Bavelier, 2008; Bavelier et al., 2012; Green &
Bavelier, 2012; Green, Li, & Bavelier, 2010). For example, playing an off-the-shelf action
video game (Medal of Honor) monocularly for 40 h results in improvements in visual acuity
and other visual functions (Li et al., 2011) and reduces the “attentional blink” (Li, Ngo, &
Levi, 2015). Recently, Hussain et al. (2014) have developed a contrast-based videogame for
treating both adults and children with amblyopia.

While these monocular training methods are directed toward improving the visual
performance of the amblyopic eye, an alternative approach is to consider amblyopia as a
binocular problem, involving among other abnormalities, suppression of the amblyopic eye
by the dominant eye (Baker, Meese, & Hess, 2008; Bi et al., 2011; Ding, Klein, & Levi,
2013; Ding & Levi, 2014; Harrad & Hess, 1992; Harrad, Sengpiel, & Blakemore, 1996;
Hess, Thompson, & Baker, 2014; Levi, Harwerth, & Smith, 1979; Maehara et al., 2011;
Mansouri, Thompson, & Hess, 2008; Sengpiel & Blakemore, 1996; Worth & Chevasse,
1950). Viewed from this perspective, an alternative approach is to treat amblyopia by
reducing the suppression by training dichoptically. Hess and colleagues have applied
dichoptic PL and dichoptic videogame play to retrain adults with amblyopia and
documented significant improvements in visual acuity and in stereopsis (Hess, Mansouri, &
Thompson, 2010a, 2010b, 2011; Hess et al., 2012, 2014; Li et al., 2013; To et al., 2011).

Interestingly, despite the very different methodologies employed (PL or videogame play;
monocular or dichoptic presentation, a few hours of training to several months), most studies
report, on average, improvement in visual acuity of between 1 and 2 lines on a LogMAR
chart (for recent reviews see Hussain et al., 2014; Levi, 2012; Levi & Li, 2009), and variable
improvement in stereopsis (Levi, Knill, & Bavelier, 2015 — this issue).

In the present study, we evaluate the potential benefits of combining PL, video game play
and dichoptic presentation, by asking adults with amblyopia to play a dichoptic, custom-
made action videogame with an embedded, monocular PL task (see Bayliss et al., 2012,
2013) for 40 h. The dichoptic action game was designed to incorporate the benefits of action
video game play, including an immersive and engaging game environment, with those of
binocular dichoptic treatment, by using a split screen view that allows independent control
of image luminance and contrast in each window. The PL task required participants to
discriminate the orientation of a Gabor patch that was presented to the amblyopic eye only
(see Method section below).

A control group underwent ‘active patching’ for the same amount of time, having subjects
watch movies with their amblyopic eye. This control allowed us to estimate the potential
benefits of supervised patching while actively stimulating the amblyopic eye in this
population. We hypothesized that the benefits from the combined game treatment would
exceed the benefits from the ‘movies plus patching’ treatment.
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Finally, we were interested to learn whether there are differences in responsiveness to
treatment between the two main types of amblyopia: anisometropic amblyopia (different
refractive errors in the two eyes) and strabismic amblyopia (misalignment of the two eyes
with or without refractive errors). Although both conditions result in reduced visual acuity in
the amblyopic eye despite appropriate optical correction, the causes and the consequences
may be different (McKee, Levi, & Movshon, 2003). Surprisingly, this question has seldom
been addressed in previous studies, potentially due to the relatively small number of
participants.

2. Methods

2.1. Study participants and ethics statement

The Research Subjects Review Boards at the University of Rochester and the University of
California, Berkeley approved the study protocol, and did not ask for the study to be
registered as a clinical trial. The study was conducted according to the tenets of the
Declaration of Helsinki and informed consent was obtained from each participant. Thirty-
eight (n = 38) adults (mean age: 39.7 + 15.4, range 19-66 years) with unilateral amblyopia
completed the study (see Fig. 1 for numbers of participants screened, qualified and
dropped). Participants were recruited through referrals from local eye doctors, through the
eye clinic at UC Berkeley and through print advertisements. Two experienced optometrists
provided complete eye exams for all participants prior to enrolling. The inclusion criteria
included: (1) age 18 years or older; (2) anisometropic amblyopia, strabismic amblyopia, or
mixed (i.e., anisometropic and strabismic); (3) interocular visual acuity difference of at least
0.2 logMAR; and (4) no history of eye surgery except those to correct strabismus. Exclusion
criteria included: (1) non-comitant or large angle constant strabismus (>30 prism diopters);
and (2) any ocular pathological conditions (e.g., macular abnormalities) and nystagmus. All
of our participants had 20/12-20/2073 vision in the non-amblyopic eye. The retinal health of
all participants was assessed as normal, and they all had clear ocular media (as assessed by
ophthalmoscopy). Cover tests were used to assess ocular alignment at both distance and
near. Clinical data of all study participants is summarized in Table 1. The study took place at
two research laboratories, at University of Rochester and at University of California,
Berkeley.

2.1.1. Subject classification—Study participants were classified as either anisometropic
(“Aniso’) or strabismic (‘Strab”) amblyopes. Anisometropia was defined as 20.50D
difference in spherical equivalent refraction or 21.5D difference in astigmatism in any
meridian, between the two eyes (Wallace et al., 2011). Amblyopic subjects with
anisometropia and an absence of manifest ocular deviation were classified as anisometropic
amblyopes. Those with an ocular deviation (strabismus), as indicated by the cover test, were
classified as strabismic amblyopes, irrespective of their refractive state, meaning that
participants with both strabismus and anisometropia were classified as ‘strabismic’.

2.2. Study design overview

The complete experimental design is detailed in Fig. 1. Following consent and screening,
participants were assigned into one of two intervention groups: (1) Game Group (n = 23):
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playing the custom-made dichoptic videogame using a mirror stereoscope (see description
below); (2) Movies group (n = 15): watching movies monocularly with the fellow (non-
amblyopic, NAE) eye occluded with a black eye patch.

Because we anticipated a higher dropout rate for the game group, participants were allocated
with a 2:1 ratio to the game and movies groups respectively. This resulted in 37/58 (~64%)
being allocated to the game group and 21/58 (~36%) to the movies group. The dropout rate
was higher for the game (38%) than for the movies group (28%; See Fig. 1), mainly because
of the substantial time commitment required for training in the lab, resulting in 23 of the
game and 15 of the movies participants completing the study. We note that the two groups
were similar in age (39.6 = 16 and 40.1 + 15 years in game and movies groups,
respectively), and in distribution of amblyopia type (~60% strabismic and 40%
anisometropic in each group), but differed slightly, although not significantly, in their
baseline visual acuity (0.58 + 0.06 vs. 0.49 + 0.06 logMAR in game and movies groups,
respectively; t-test: p = 0.32). Subject allocation was not based on the clinical characteristics
of participants.

Importantly, at the time of enrollment, participants were told that the study compared the
efficiency of two active interventions, and that they would be assigned to one of the two
groups without them being able to choose. Before starting the 40-h intervention, participants
completed a test battery to assess vision and related functions (‘baseline assessments’).
Participants repeated the battery at the completion of the 40 h (“post-intervention’) and
following a 2-month no-contact period (‘follow-up’). A subset of the assessments was also
conducted following 13 and 26 h of intervention (‘mid assessment’). Because both
interventions are experimental, patients assigned to the movies group were offered the
possibility to undergo the game training regimen upon completion of their study, and vice
versa. This cross-over will however not be discussed any further in this paper.

2.3. Study interventions

Participants from both groups were required to complete a total of 40 h of intervention, in
sessions lasting 1.5-2 h, for at least 2 and up to 5 times/week. Participants were given full
optical correction for the viewing distance (68 cm). Five participants, who needed new
prescriptions at the time of enrollment, were given 6-8 weeks of refractive adaptation prior
to starting the study. Among these, three actually achieved near-normal VA in their
amblyopic eye after the period of refractive adaptation and were therefore excluded from the
study (see Fig. 1).

2.3.1. Game group: a dichoptic custom-made unreal tournament video game—
We developed a dichoptic version of a commercial first-person-shooter action video game,
Unreal Tournament 2004 (Epic Games, 2004). The dichoptic videogame combines both the
highly motivating aspects of commercial action video games as well as several adaptations
custom made for amblyopic patients. Specifically, the game is played under dichoptic
viewing conditions in order to reduce suppression and promote fusion, while challenging the
amblyopic eye with an embedded psychophysical resolution task. This custom-made game
has five main innovative features (Fig. 2; see Bayliss et al., 2012, 2013 for full details):
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a. The game presents a split screen view, allowing independent control of the images
presented to the right and left eyes (which are viewed in a mirror stereoscope), and
in particular their respective alpha level.

b. Alpha blending was used to balance the perceived image strength of the non-
amblyopic eye (NAE) with that of the AE eye at the start of each play session, in an
effort to reduce suppression and facilitate fusion.

c. The game includes several easier tutorial levels, allowing individuals with little or
no video game experience to gradually master the skills required to become a video
game player.

d. An orientation discrimination perceptual learning task is seamlessly embedded
within the game. It consists of a Gabor patch embedded in a gray square and
presented to the AE only. The user is required to decide whether the Gabor patch is
tilted left or right, with one orientation requiring responding by shooting the patch,
and the other to just ignore the patch until it goes away. An incorrect response
transforms the Gabor into a particularly powerful game enemy. The spatial
frequency of the Gabor patch is adapted to maintain participant’s performance at
79% correct (Levitt, 1971). The Gabor patch task enables us to monitor the AE’s
resolution limit under dichoptic conditions, while simultaneously serving as a
suppression check, ensuring that the AE is actively engaged during game play.

e. Additional suppression checks (see below) were interleaved with the videogame
play to ensure the use of AE during dichoptic gameplay.

The videogame was displayed on a gamma corrected monitor (Mitsubishi Diamond Pro
2070 SB), with resolution 1024 x 768 pixels and refresh rate 60 Hz. The split screen images
of the game were viewed in a custom designed stereoscope at a distance of 68 cm. All
participants were given trial frames with their refractive correction if needed. Details on the
establishment of alignment and fusion during gameplay, progression of game difficulty
during gameplay, suppression checks and the embedded PL task can be found in the
Supplemental Methods.

We note that there are important differences between our method of dichoptic presentation
and that used by others. Our action video game presented the same image to each eye
(except for Gabor patches and suppression checks) with reduced luminance/contrast in the
fellow eye, in an attempt to promote binocular fusion, whereas other dichoptic video game
studies have presented different game elements to each eye so that binocular combination is
required to play the game (see Hess, Thompson, & Baker, 2014 for a review). Both
approaches have been shown to reduce binocular suppression as well as to improve visual
acuity and stereopsis (Vedamurthy et al., 2015).

2.3.2. Movies group: monocular watching of action TV series—Participants in the
movies group were asked to watch pre-selected TV series on a computer monitor, for a total
of 40 h. Participants were instructed to watch those monocularly, wearing a black eye patch
on their non-amblyopic eye (NAE). The TV series were self-chosen by the users from a
compiled list (e.g. Heroes, season 1; Firefly: The complete series; Terminator: The Sarah
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Connor Chronicles). Titles on that list were selected by experimenters to include movies that
are rich in action content (adventure, action movies, road races, etc.) and to provide enough
variety for patients to comply. Thus, while we tried to include action components in the
movies training, it remains unclear to what extent the action content of the movies group
was matched to that of the game group.

This “‘movies’ intervention provides an active control for our ‘game’ intervention. Patching
is considered the “gold standard” treatment for amblyopia in children, but interestingly the
type of supervised patching (plus movies watching for 40 h) we present here has never been
tested in adults.

At the inception of the study, our intention was that all training (game and movies) would be
carried out in the lab. However, for many subjects, the time commitment of in-lab training
was too burdensome, a difficulty reflected in the high drop-out rates (Fig. 1). While we
continued to assign subjects to one or the other group regardless of their availability for in-
lab training, once assigned, participants in the movies group were given the choice of either
completing their intervention in the lab or at their home while being monitored through
Skype. The latter ensured that participants training from home complied with the paradigm.
This option was not available to the game group since their training required specialized
equipment. Thus, all 23 video game trainees completed their training in the lab, while 6 of
the movies group participants completed their training in the lab and 9 completed it at home.
All participants were required to come to the lab to complete their assessments, regardless of
whether they trained at home or in the lab.

2.4. Visual function assessments

Participants were required to wear their best optical correction (if any) given each test
distance for all visual assessments. Our assessments included two primary measures, VA
and stereoacuity, and three secondary measures (contrast sensitivity, reading speed and the
Amblyopia Strabismus Questionnaire Evaluation) mostly aimed at documenting the impact
of training on every day functioning.

2.4.1. Visual acuity (VA)—Clinical visual acuity (VA) at distance was measured using
either Bailey—Lovie logMAR letter charts (UCB site), or the high-contrast ETDRS format
chart with Sloan optotypes (catalog No. 2104; Precision Vision, La Salle, Illinois; U of R
site). Monocular and binocular acuity were measured. In addition to the standard assessment
times (baseline, post-intervention and follow-up), VA was also assessed following 13 and 26
h of training (“‘mid assessments’).

2.4.2. Stereoacuity—Stereopsis was measured using the Randot Stereotest (Stereo
Optical Co., Inc.; See description in Simons, 1981). In addition to the standard assessment
times (baseline, post-intervention and follow-up), stereoacuity was also assessed following
13 and 26 h of training (‘mid assessments’). Analyses were performed on the logarithm
(base 10) of the stereoacuity values, with those patients having non-measurable thresholds
being assigned a value of 600 arcsec (similar to Wallace et al., 2011). To ensure that this
arbitrary selection did not affect the results, we repeated all analyses with nil stereo assigned
the value of 6000 arcsec, and got similar results. Results are reported as improvement in log
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arcsec (log stereoacuity pre — log stereoacuity post), and as the corresponding percent
improvement.

2.4.3. Contrast sensitivity function—We used the quick Contrast Sensitivity Function
(gCSF; Lesmes et al., 2010), a Bayesian adaptive procedure, to measure the contrast
sensitivity function. A detailed description of this measure can be found in Lesmes et al.
(2010). Stimuli were displayed on Mitsubishi Diamond Pro 2070 SB CRT monitor. Gamma
nonlinearity correction was applied prior to conducting the experiments. A special circuit
was used to obtain high (>14 bit) grayscale resolution (Li et al., 2003). The mean luminance
of the display was 30.9 cd/m2. Screen resolution was set to 1920 x 1440 at 90 Hz.

Here we report area under the log CSF curve (AULCSF) as a summary measure for contrast
sensitivity (Lesmes et al., 2010). Measurements were made for each eye separately using
250 trials per eye.

2.4.4. Reading speed—Reading speed for reading out-loud was evaluated using the
standardized MN Read Acuity Chart (Legge et al., 1989). The test was run for each eye
separately and then binocularly. Basic reading speeds were calculated in words per minute
(wpm) after accounting for reading errors. We then derived, for each participant, a
difference reading speed score: this was derived by first calculating the reading speed
difference (post minus pre or follow-up minus pre) for each print size value, summing all
reading speeds and dividing by the number of print sizes used. This difference measure was
used for data analysis.

2.4.5. Self-report of amblyopia state (ASQE)—We used the Amblyopia Strabismus
Questionnaire Evaluation (ASQE; Felius et al., 2007), a self-administered questionnaire
includes 26 items and contains five scales: fear of losing the better eye, distance estimation,
visual disorientation, double vision, and social contact and appearance. ASQE has good
psychometric properties (internal consistency reliability of 0.8-0.92), and has shown strong
correlations with clinical characterization of patients. This questionnaire was administered at
the standard assessment times (baseline, post-intervention and follow-up).

2.5. Data analysis

Our primary hypothesis concerns the efficiency of the ‘game’ versus ‘movies’ intervention
on VA which is best documented by focusing on pre versus post-intervention differences in
VA. For all measures, we conducted repeated-measures Analysis of Variance (ANOVA)
with within-subjects factor of time (2 levels: pre- and post-intervention) and between-
subjects factors of treatment group (2 levels: game and movies) and amblyopia type (2
levels: anisometropic and strabismic; note that “strabismic’ definition included both
individuals with purely strabismic amblyopia and those with both strabismus and
anisometropia) on the five main dependent variables. We also report similar repeated-
measures ANOVAs but with preand follow-up data as time factors. These latter analyses are
indicative of the long lasting effects of the interventions. Finally, to best capture changes in
each group separately when needed, we conducted a separate 2 x 2 ANOVA for each group
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(with within-subjects factor of time and between-subjects factor of amblyopia type), and
corrected for multiple comparisons using Bonferroni correction.

2.5.1. Missing data—Three participants dropped out following post-training and before
the follow-up assessments, hence their data is missing from follow-up. In addition, post-
training qCSF data is missing for one subject, and MN Read data for 2 subjects, in all cases
due to data not being recorded correctly. In cases of missing data, these participants were
omitted from the analysis.

3.1. Changes in clinical visual acuity (VA)

3.1.1. Omnibus ANOVA—VA results are summarized in Fig. 3. Following 40 h of
intervention, VA (logarithm of the minimum angle of resolution — logMAR) improved
significantly (effect of time: F(1,34) = 75.8; p < 0.00001). The improvement was
statistically different between the game group (0.14 + 0.01 logMAR, on average, equivalent
to 28 £ 2.% improvement) and the movies group (0.07 £ 0.03 logMAR, 15 + 6.4%; time X
treatment group: F(1,34) = 4.5, p < 0.05; no effect of treatment group: F(1,34) =0.15, p=
0.7).

Our analysis also included amblyopia type, and there, an interesting difference also
emerged. While subjects with anisometropic amblyopia showed similar improvements
following either game play (by 0.15 £+ 0.01 logMAR; 29 + 2%) or movies (by 0.16 £+ 0.03
logMAR, 31 + 5.8%), subjects with strabismic amblyopia improved only following game
play (by 0.13 £ 0.02 logMAR; 26 + 4%). No improvement was seen in subjects with
strabismic amblyopia after watching movies monocularly (0.008 + 0.03 logMAR; 2 +
6.8%). Accordingly, a significant interaction of time X treatment group X amblyopia type
was present (F(1,34) = 6.6, p < 0.02; also time X amblyopia type: F(1,34) =11.3; p<
0.005).

Given our interest in the efficacy of different interventions, the impact of the game and
movies interventions was considered separately, using 2 x 2 ANOVAs with time and
amblyopia type as factors and Bonferroni correction for multiple comparisons. For the game
group, overall improvement was statistically significant (effect of time: F(1,21) = 82.2, p<
0.00001), but not the effect of amblyopia type (p = 0.56) or their interaction (p > 0.9). For
the movies group, the time factor was also significant (F(1,13) = 15.6, p < 0.01), as well as
the time X amblyopia type interaction (F(1,13) = 12.7, p < 0.005). The amblyopia type was
not significant (F(1,13) = 1.6, p = 0.44).

VA improvements were retained at follow-up (effect of time: F(1,31) = 32.8; p < 0.0001)
with retention being numerically larger for the game group (by 0.12 + 0.02 logMAR; 24 +
4%), compared with the movies group (by 0.05 = 0.03 logMAR; 11 + 6.5%). Yet, the time
X treatment group interaction effect was not significant (p = 0.19), perhaps due to large
inter-individual variations (no effect for treatment group: p = 0.7). Compared with their
respective baseline assessments, and in line with post-intervention data, subjects with
anisometropic amblyopia demonstrated better VA with both game (by 0.13 + 0.02 logMAR;
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26 £ 4%) and movies (by 0.16 = 0.05 logMAR; 31 £ 9.6%) interventions at follow-up.
Subjects with strabismic amblyopia demonstrated better VA only following the game (by
0.11 + 0.04 logMAR; 22 + 8.1%) but not the movies intervention (by x —0.008 £ 0.03
logMAR; -2 + 7%). This pattern was supported by a significant interaction between time
and amblyopia type (F(1,31) = 6.7; p < 0.02) and, importantly, a significant 3-way
interaction of time X treatment group X type (F(1,31) = 5.2, p< 0.03).

3.1.2. Controlling for baseline VA differences—Finally, we tested whether
improvements in VA depended on the baseline VA, by performing an Analysis of
Covariance (ANCOVA) with baseline VA as covariate and VA difference (post—pre) as the
dependent variable. The covariate effect was marginally significant (baseline VA: F(1,33) =
2.89; p =.098). The effects of treatment group, amblyopia type and their interaction, albeit
slightly weaker, did not depart from those in the original analyses (treatment group: F(1,33)
= 3.9, p = .054; amblyopia type: F(1,33) = 11.1, p < .005; interaction: F(1,33) =3.8,p=.
058).

3.1.3. Controlling for different drop-out rates between the two groups—Since
the two treatment groups had different drop-out rates during intervention (38% and 28% for
game and movies groups, respectively), we conducted a secondary analysis, to test whether
these drop-out rates biased the results of our main analysis. This analysis took into account
the data of the participants who dropped-out at various stages of the study, ‘carrying
forward’ the data from their last data point. The 2 x 2 x 2 ANOVA, with within-subjects
factor of time and between-subjects factors of treatment groups and amblyopia type, was
therefore run with additional data from the 18 participants who dropped out (n = 12 from the
game group, and n = 6 from the movies group; data from 2 additional game group
participants was lost for analysis).

The results of this additional analysis were similar to those of the main analysis: we found
significant effects of time (F(1,52) = 44.4, p < .00001), as well as significant interaction
between time and amblyopia type (F(1,52) = 5.08, p < .03), and a significant 3-way time X
treatment group X amblyopia type interaction (F(1,52) = 6.08, p < .02). The time X
treatment group interaction was, however, not significant (F(1,52) = .57, p = .45).

We further examined differences in baseline VA between the various groups, and found that
baseline VA did not differ significantly between participants who completed the 40-h
intervention (n = 38; VA: 0.54 + 0.04) and those who dropped out (n = 18; VA: 0.54 £ 0.07
logMAR,; t(54) = .03, p = .97). Moreover, baseline VA was similar for game group drop-
outs and game group completers (t(33) = .49, p = .62), for movies group drop-outs and
movies group completers (t(19) = .93, p = .36), and for game group drop-outs and movies
group drop-outs (t(16) = .37, p=.71).

Together, these results confirm that there is likely no bias in our primary analyses due to
higher drop-out rates in the game compared with the movies group.

3.1.4. Dynamics of VA change—To gain a better understanding of how differences
between amblyopia type and treatment group emerged over the timecourse of training, we
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now turn to the VA assessment performed at midl (after 13 h) and at mid2 (after 26 h) (See
Fig. 3 top panel). After 13 h of intervention, VA improved, on average, by 0.08 + 0.02
logMAR (15.7 £ 3.1%) for the game group, and only by 0.02 + 0.02 logMAR (3.7 £ 3.7%)
for movies group. While in the game group, this improvement was similar for both subjects
with anisometropic (by 0.08 + 0.02 logMAR; 15.7 £ 5.1%) and strabismic (by 0.08 + 0.02
logMAR; 15.8 + 4.1%) amblyopia, in the movies group, subjects with anisometropic
amblyopia did improve (by 0.08 + 0.03 logMAR; by 16.6 * 5.5%) while strabismics did not
(by -0.02 £ 0.01 logMAR; —4.8 + 2%).

This pattern became stronger after 26 h (‘mid2’) of training. VA improved significantly for
game group (by 0.13 + 0.01 logMAR relative to baseline, 24.3 + 2.4%) and only slightly for
movies group (by 0.02 + 0.02 logMAR; 2.7 = 3.7%). In the game group, improvements were
again comparable for subjects with anisometropic (by 0.12 £+ 0.02 logMAR; 24 + 3.3%) and
strabismic (by 0.13 £ 0.02 logMAR; 24.5 + 3.5%) amblyopia, whereas in the movies group,
subjects with anisometropic amblyopia improved by 0.07 + 0.02 logMAR (13.8 £ 3.9%),
while those with strabismic amblyopia did not improve (by —0.02 + 0.02 logMAR; 4.7 +
4.1%).

We ran a further analysis to examine whether performance differences exist between 26 and
40 h of training, as it is important for practical consideration to consider the length of
intervention. An omnibus 2 x 2 x 2 ANOVA with mid2 and post-training as time points
confirmed a significant effect of time (F(1,34) = 8.7, p < 0.01), which showed that VA kept
improving with additional training. The effects of time from mid2 to post-training remained
only marginally significant between treatment groups (time X group: F(1,34) =3.5, p=
0.06), and between amlyopia types (time X type: F(1,34) = 3.6, p = 0.06). The time X group
X type was not significant (F(1,34) = 0.68, p = 0.41).

To summarize, improvements were noted already after 13 h of training, however
participants continued to improve after 26 h as well. The numerical differences between
amblyopia types was evident already at 13 h of training.

3.2. Changes in stereoacuity

Thirteen of the 23 participants in the game group (56%) and 8 of the 15 movies group
participants (53%) failed the Randot stereo (circles) test at the baseline visit (we label them
as ‘stereo blind’). Thus our two groups were quite balanced in terms of stereo vision.

Following 40 h of intervention, stereoacuity improved significantly overall, by on average of
0.18 + 0.05 log arcsec (34 £ 9.4%) and of 0.08 + 0.04 log arcsec (17 £ 8.4%) for the game
and movies groups respectively (Fig. 4, top; effect of time: F(1,34) = 11.7; p < 0.005; no
effect of group: p = 0.92; no effect for time X group: p=10.2).

We further examined the amblyopia type effects. Subjects with anisometropic amblyopia in
the game group showed the largest improvements (0.27 + 0.1 log arcsec; 46 + 17%)
compared with all other subjects: strabismic amblyopia in the game group (0.1 £ 0.06 log
arcsec; 21 + 12.3%), anisometropic amblyopia in the movies group (0.1 + 0.09 log arcsec;
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21 + 18.5% and strabismic amblyopia in the movies group (0.07 + 0.04 log arcsec; 15 +
8.5%). However, the effect of group X time X type was not significant (all ps > .1).

Given our interest in the efficacy of different interventions, we analyzed the data from the
two treatment groups, game and movies, separately, i.e. two 2 x 2 ANOVAs of time and
amblyopia type, with Bonferroni correction. For the game group, overall improvement was
statistically significant (effect of time: F(1,21) = 10.9, p < 0.005, Bonferroni Corrected). An
effect of amblyopia type (F(1,21) = 6.3, p = 0.02, Bonferroni Corrected) revealed better
stereoacuity for patients with anisometropic amblyopia, and there was no interaction
between time X amblyopia type (p = 0.16, Bonferroni Corrected). For the movies group, the
effect of time failed to reach statistical significance (time: F(1,13) = 3.7, p=0.07,
Bonferroni Corrected) and no other effect was seen (ps > 0.7 for both amblyopia type and
time X type interaction).

The pattern of results was largely retained at follow-up, with retention being numerically
larger for game group participants (0.16 + 0.08 log arcsec; improvement relative to the
baseline assessment (31 + 15.4%) compared with the movies group (0.11 + 0.07 log arcsec;
22 £+ 14.2%). Although the effect of time was significant (F(1,31) = 5.4; p < 0.03), the effect
of time X group was not: (p = 0.56; no effect for group: p = 0.72). As with the post-training
data, effects were numerically largest for subjects with anisometropic amblyopia in the game
group (0.24 + 0.1 log arcsec change; 42 + 17.7%) compared with all other groups.
Statistically, however, none of the effects were significant (all ps > 0.1).

In summary, improvements were numerically larger for the game group, especially for the
anisometropic patients. However, since over half of participants were stereo-blind, the data
remain noisy, despite our relatively large sample of patients.

3.3. Contrast sensitivity (qQCSF)

We use the area under the log CSF curve (AULCSF) as a summary measure for contrast
sensitivity. As can be seen in Fig. 5, the AULCSF increased for both treatment groups, with
game group participants showing an average increase of 0.3 log units? (from 2 + 0.19 to 2.3
+ 0.13; Fig. 5A), and movies group participants of only 0.1 (from 1.8 £ 0.15t0 1.9 + 0.16;
Fig. 5B). The 2 x 2 x 2 omnibus ANOVA indicated a main effect of time (F(1,33) =5.1, p<
0.04), with the treatment group X time failing to reach significance (F(1,33) = 3.08, p =
0.09).

The same analysis revealed amblyopia type effects with the greatest gains made by the game
group anisometropes (from 1.68 + 0.4 to 2.2 + 0.2), while changes in the other groups were
smaller (movies group anisometropes: from 1.8 £ 0.13 to 1.6 £ 0.32; game group
strabismics: from 2.2 £ 0.15 to 2.4 + 0.11; movies group strabismic: from 1.77 + 0.2 to 2.04
+ 0.16). This greater improvement for individuals with anisometropic amblyopia in the
game group was confirmed by a significant three-way interaction of time X treatment group
X amblyopia type (F(1,33) = 7.2, p< 0.02).

Looking at each group separately (Bonferroni correction), we find that for the game group,
overall improvement was statistically significant (effect of time: F(1,20) = 10.2, p < 0.005,
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Bonferroni corrected), with no effect of either amblyopia type (p = 0.24) or their interaction
(p =0.057, Bonferroni corrected). In contrast, for the movies group, none of the effects were
statistically significant (time and amblyopia type: p > 0.5; interaction: F(1,13) =3.3,p=
0.09, Bonferroni corrected).

Effects at follow-up were similar to post-intervention outcomes, albeit quite weaker:
AULCSF changed from 2 + 0.2 (at pre) to 2.25 + 0.13 (at follow-up) for game group
participants (n = 20 with follow-up data), and from 1.9 £ 0.17 to 1.96 £+ 0.12 for movies
group participants (n = 12). The overall change in AULCSF at follow-up was not
statistically significant (effect of time: F(1,30) = 3.7, p = 0.062; effect of group: p = 0.28;
group X time: p=0.23).

3.4. Changes in reading speed

We examined changes in reading speed as a function of intervention using the MN Read
chart-based test. Since we used the difference scores from pre- to post- or follow-up for
analysis (see Methods section above), the omnibus ANOVA included a 2 x 2 analysis with
treatment group and amblyopia type.

The Omnibus 2 x 2 ANOVA on reading speed difference scores indicated a main effect of
treatment group (F(1,32) = 5.7, p < 0.03). Thus, the improvement in reading speed post-
intervention was larger for the game group (in 26.2 + 8.5 words-per-minute, wpm), as
compared to the movies group (-5.8 + 9.7 wpm) group. Amblyopia type did not reach
statistical significance (F(1,32) = 3.1, p = 0.08, see Fig. 6A, top), and there was no
significant interaction between treatment group and amblyopia type (p = 0.9). The follow-up
data showed a similar trend, where game group patients improved on average by 18.4 + 6.2
wpm, whereas movies group patients improved less (9.2 £ 4.8 wpm). However, the
difference was not statistically significant (effect of group: p = 0.22; effect of type: p = 0.09;
see Fig. 6A, bottom).

3.5. Self-report measures of improvement: the ASQE questionnaire

Study participants were asked to complete the Amblyopia and Strabismus Questionnaire
(ASQE) pre and post-intervention. ASQE has 5 different sub-scales, and provides a self-
report measure for the deficits associated with amblyopia. Four of the 5 subscales did not
show any numerical difference following intervention. However, the “fear of losing the good
eye’ subscale (SS1) did show a suggestive pattern. The omnibus ANOVA with treatment
group, amblyopia type and time indicated a significant effect of time (F(1,34) =5.35, p<
0.03), with the game group showing a decrease in the fear of loosing the good eye from 53.3
+ 5.7 to 63 = 4.9 (higher values mean less fear of losing good eye), and the movies group
from 48.3 £ 8.5 to 54 + 7.7. No other effect was significant, indicating that improvement
was similar for both groups and for both amblyopia types.

As in the other analyses we followed up with separate analyses for game and movies group,
Bonferroni corrected. For the game group, there was a significant effect of time (F(1,21) =
9.03, p < 0.01, Bonferroni corrected), as well as a significant effect of amblyopia type
(F(1,21) = 8.98, p < 0.01, Bonferroni corrected), while interaction between time and type
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did not reach statistical significance (p = 0.09, Bonferroni corrected; Fig. 6B, top). For the
movies group, none of the effect were significant (all p values > 0.35).

The same pattern of results as at post-intervention was observed at follow-up with the main
effect of time remaining significant (F(1,29) = 6.1, p < 0.02), and no other effects being
significant (Fig. 6B, bottom).

We conclude that intervention, whether games or movies, tended to reduce the fear of losing
the good eye, with the game intervention appearing, at least numerically, to be the most
promising.

4. Discussion

4.1. Summary of results

In the current study, our aim was to test the benefits of a novel treatment for adult
amblyopia, that combined dichoptic viewing, videogame play and monocular PL. We
compared this novel treatment to an active control treatment of supervised occlusion
therapy. Interestingly, while occlusion therapy is considered the gold-standard treatment in
children with amblyopia, occlusion has not been systematically assessed in amblyopic
adults.

Following our dichoptic/PL game play, significant improvements were noted in VA and
stereopsis, as well as in contrast sensitivity, reading speed and reduced fear of loosing the
good eye. These improvements were weaker but still visible following a 2-months no-
contact period. In contrast, following supervised patching with movies viewing, participants
showed no significant changes in any of these functions, except VA. In the movies group,
VA improvement was restricted to anisometropic amblyopes with strabismic amblyopes
showing no changes. Our two interventions varied along several different dimensions. In
particular while the game treatment took extra-care to balance the inputs between the two
eyes, the movies group was trained exclusively monocularly (with the amblyopic eye). We
recognize that other confounds also exist, especially the fact that while all game group
participants were trained in the laboratory, a significant portion of the movies group was
allowed to train at home. While there are several successful at home training studies, the
respective impact of at-home versus in-lab training in amblyopia remains largely unknown.

Overall, the game intervention led to significantly greater benefits than the movies
intervention. Amblyopia type also qualified these effects, especially for VA and contrast
sensitivity. Interestingly, the present study suggests that active supervised patching in adults
with anisometropic (but not strabismic) amblyopia may be more potent than what any of the
existing literature may suggest.

We review below results for each intervention and measure in turn, before turning to
possible implications and caveats for the treatment of adult amblyopia.
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4.2. The benefits of playing a dichoptic videogame with a PL task

4.2.1. Improvements in visual acuity—The game we have developed and tested in the
current study was designed to incorporate the benefits of three different approaches, each of
which has been shown to positively affect vision in adult amblyopia. By using an
intervention that combines all three methods, we could have expected to see an additive
effect, leading to larger improvements in VA than each of the method on its own. This was
not the case. In our study, the magnitude of improvement was ~1.4 lines on a logMAR
chart.

It is striking that, despite a wide range of stimuli, tasks, methods, durations of training and
subject ages, studies in the adult amblyopia literature typically report VA improvements in
the magnitude of 1-2 lines on a logMAR chart. This is the case for multihour monocular PL
training applied to the amblyopic eye (Astle, Webb, & McGraw, 2010, 2011; Chung, Li, &
Levi, 2008, 2012; Hussain et al., 2012; Levi, 2012; see recent reviews in Levi & Li, 2009;
Levi & Polat, 1996; Levi, Polat, & Hu, 1997; Zhang et al., 2014), and for video game
training, either off-the shelf action games (Jeon, Maurer, & Lewis, 2012; e.g. Li et al., 2011)
or customized games (Hussain et al., 2014).

Indeed, even studies that applied dichoptic training methods, aimed at reducing suppression
of the amblyopic eye by the dominant eye, also report similar magnitude of improvements in
VA (Hess, Mansouri, & Thompson, 2010a, 2010b, 2011). Hess and colleagues have used a
dichoptic version of Tetris, in which stimulus elements are presented separately to each eye,
and image strength is controlled separately to each eye during training, to facilitate fusion
(Hess et al., 2012, 2014; Li et al., 2013; To et al., 2011). Using this paradigm, the magnitude
of improvement in VA was again of about 1.6 lines, but with as little as 10 h of training,
rather than 40 h or the kilo trials used in PL.

The fairly stable magnitude of a 1 to 2-line improvement in VA noted in adults with
amblyopia may correspond to a ceiling on the amount of VA improvement that can be
achieved in adult amblyopes, at least with the methods used so far. A similar conclusion was
reached by Hussain et al. (2014) in a study that tested the benefits of a monocular
videogame with a PL task. The dichoptic game we tested here, resulted in a similar level of
improvement in VA (Fig. 3B replots the data from several monocular and dichoptic studies
along with our data). Thus it appears that dichoptic presentation with balanced image
strength in the two eyes, and an integrated PL task, does not result in any greater
improvement in VA than does monocular training. However, as noted below, it may have
advantages in promoting fusion and stereopsis. The relative advantage of each of these
methods separately remains the target of further investigations, as does the application of
other methods, such as transcranial direct current stimulation (Spiegel et al., 2013).

4.2.2. Improvement in stereo vision and suppression following dichoptic
training—In the current study, we found an average improvement of 23% in stereopsis,
with about half of videogame group participants showing some improvement in stereopsis.
Subjects with anisometropic amblyopia made numerically greater improvements in
stereopsis than those with strabismic amblyopia. Specifically, 6/10 (60%) of the
anisometropic amblyopes improved, compared with only 3/13 strabismic amblyopes (23%).
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The relatively high proportion of anisometropic amblyopes showing improvement in
stereopsis is in line with previous reports in the monocular training literature (see Levi et al.,
2015; Li et al., 2011; Zhang et al., 2014). However, we note that the proportion of strabismic
amblyopes showing improved stereoacuity is much higher than the roughly 5% reported in
previous studies of monocular PL and videogame play (Levi et al., submitted). For example,
Li et al. (2011) found no improvement in stereopsis in their strabismic subjects following 40
h of monocular videogame play. This pattern of results suggests that dichoptic training may
not be necessary for improving stereopsis in anisometropic amblyopes, but may be
advantageous in strabismic amblyopes. Indeed, in their recent review, Hess, Thompson, and
Baker (2014) report that ~37% of strabismic subjects showed improved stereopsis following
dichoptic training (for a review see also Levi et al., 2015 - this issue).

4.2.3. Improvements in contrast sensitivity, reading speed and quality of life—
Contrast sensitivity improved as a result of videogame training, as reflected by the increase
in the area under the CSF. Several recent studies have shown that extensive PL can result in
improved contrast sensitivity for adults with amblyopia (Huang, Zhou, & Lu, 2008; Polat et
al., 2004; Zhou et al., 2006). It is interesting to note that most of these studies have focused
on anisometropic amblyopia, the sub-population that showed significantly most
improvement in AULCSF following our training. To the best of our knowledge, contrast
sensitivity changes have not been tested in the several recent dichoptic PL or videogame
studies (Hess et al., 2014; Li et al., 2013), hence direct comparison with the effectiveness of
these methods cannot be derived.

Two other secondary outcomes of our study are the effects on reading speed and quality of
life. Surprisingly, despite the relatively large pool of studies documenting benefits in PL,
dichoptic training or video game play for amblyopic adults, there are no reports, to the best
of our knowledge, of generalization of training to everyday life activities. Here we used
reading speed and quality of life, two aspects of behavior that seem especially important in
case such treatment ever becomes the clinical standard-of-care for adults with amblyopia.

We found that reading speed significantly improved following game, but not movies
intervention, regardless of amblyopia etiology. Previous studies have reported improvement
in letter contrast following monocular PL training (Chung, Li, & Levi, 2006, 2008), but have
not addressed the question of reading speed. We hypothesize that the improved reading
speed is a direct result of the fast-paced nature of first-person-shooter action video games,
which require fast actions and eye movements to identify game bots. Indeed, fast-paced
games have been found to speed up reaction times in individuals with normal vision (Dye,
Green, & Bavelier, 2009). This conclusion is further supported by the fact that these
improvements were not limited to anisometropic amblyopia, but were evident, and strikingly
pronounced, in strabismic amblyopia as well, hence may be the result of a more generalized
effect induced by the nature of the action game play.

Significant changes in quality of life following game play were only found for a single
domain, the fear of losing the good eye. For this specific subscale, game group participants
showed less fear of losing the good eye following intervention. Although in need of further
confirmation, the effect was numerically larger for strabismic than for anisometropic
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amblyopes. This may be, however, driven by the initial lower scores for game group
strabismics, as this sub-group had more fear of losing their good eye initially.

Overall, our findings on reading speed and fear of loosing the good eye suggest that the
changes brought about by game play can be of significance to the everyday life of the
participants.

4.2.4. Retention of effects—Intervention benefits were retained, albeit weakened, for at
least 2 months following the completion of training. Indeed, for all our measures a main
effect of baseline-to follow-up assessment remained; however, there was little evidence for
greater improvements in the game group as compared to the movies group at follow-up. The
only exception was VA, for which all groups except for strabismic patients in the movies
group retained some improvement at follow-up.

This sustained improvement in VA is in line with several previous reports in the literature,
showing that VA improvements are retained for at least a year (Chen et al., 2008; e.g. Li &
Levi, 2004; Polat et al., 2004) or even 18 months (Zhou et al., 2006) following training (see
Levi & Li, 2009 for review). However, while these previous studies only tested the retention
of VA improvements, our study extends these PL training results by showing that following
dichoptic/PL videogame training, effects are also still visible for other measures, including
stereopsis, contrast sensitivity, reading speed and fear of losing the good eye.

Interestingly, all previous studies testing the retention of effects over time have used PL
paradigms, which involve repetition of the same stimuli for a very large number of trials.
The improvements are maintained for long periods of time for normal-sighted people as well
(Sagi, 2011). For videogame play in amblyopic patients, we are aware of only one study that
tested retention of effects following training and brain transcranial stimulation (Spiegel et
al., 2013). Retention effects were tested three months post training on a small subset of
study patients, and VA and stereo effects were found to sustain 3 months after treatment. We
are not aware of any ‘videogame only’ training study, monocular or dichoptic, which has
tested retention of effects following training in adult amblyopia. Our study is the first to
show that gains made following 40 h of gameplay are still visible 2 months following
completion of training, without the need for an additional “training boost’. Both the gains
after training and the loss at follow-up appear larger in amblyopic subjects than in those with
normal vision. Overall, however, our results are in line with reports in the videogame
training literature in normal subjects, showing training benefits are still visible months to
years after the end of training (Li et al., 2009, 2010). Future studies are needed to test
retention beyond 2 months, and optimize the amount and schedule of training to generate
durable improvements in visual function (dose—response trials).

4.3. The surprisingly positive effects of supervised patching on anisometropic amblyopia

An unexpected outcome of our study is that our supervised patching paradigm resulted in
improved VA, an effect entirely driven by patients with anisometropic amblyopia. Previous
studies, in which adults were given 20 h of unsupervised patching, found no improvement in
VA (Li, Ngo, & Levi, 2015; Li et al., 2011). Although our result was unexpected, successful
treatment of adults with anisometropic amblyopia has been previously reported (e.g. Wick et
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al., 1992). It is noteworthy that the magnitude of VA improvement in this ‘movies
anisometropic’ control group was again within 1-2 lines on a logMAR chart and comparable
to that seen in the anisometropic patients playing the dichoptic videogame. We note that VA
is the only measure for which the active supervised patching training was found to have
some efficacy. Clearly, patching, although beneficial for a subset of patients, is less effective
than dichoptic/PL videogame play.

Patching has been considered the gold-standard treatment in young children and even
adolescents (Chen et al., 2008; Erdem et al., 2011; Holmes et al., 2005; Scheiman et al.,
2005; Sen, 1982), but not in adults with amblyopia (Wu & Hunter, 2006). Moreover, the few
experimental studies that did employ patching as the control intervention reported no
benefits to patching in adults (Li et al., 2011; Polat et al., 2004). To the best of our
knowledge, our study is the first to employ a multi-hour supervised patching in a large study
involving only adults with amblyopia (but see Chen et al., 2008 for a study involving
children and adults), and the first to report positive effects of supervised patching in adult
amblyopia, in our case, anisometropia. We recognize, however, that our sample size in this
cell is small, being limited to only 6 patients, and thus calling for caution as to the
replicability of this effect.

For strabismic individuals, improvements in the movies group were overall minor. This null
effect of patching in strabismic amblyopia is in line with the Li et al. (2011) study. They too
found no improvement following 20 h of patching, and their patching group (in their case,
non-supervised) included only subjects with strabismic amblyopia.

Although our results are in need of confirmation, they highlight the importance of including
active control groups when evaluating the efficacy of a training regimen. Most previous
studies have included no control group (Chung, Li, & Levi, 2008; Hess, Thompson, &
Baker, 2014; Hess, Mansouri, & Thompson, 2010a, 2010b; Hess et al., 2012; Hussain et al.,
2012, 2014; Li, Klein, & Levi, 2008) or a no-contact control (Zhou et al., 2006), while
others have included a control condition that either had a very small number of participants
(Lietal., 2011), had a very small number of strabismic participants (Li et al., 2013), or a
control that did not match the duration of the active intervention (Chen et al., 2008). As we
demonstrate here, the visual system of amblyopic patients may be more plastic than once
thought. How the present result relates to the status quo on patching will require future
studies. Our patching paradigm was quite unique in being supervised and requiring
participants to watch engaging movies with preferably fast-paced, action-packed sequences
while patched. We cannot at this point separate the relative contribution of the type of
attention-grabbing content we were seeking from the use of supervised patching on the
magnitude of improvement reported. Future studies would need to include larger number of
subjects and more testing to determine whether the differential effects as a function of
amblyopia etiology are replicable, and which factors in the training may drive these changes.

We note several caveats to our study. First, our dichoptic videogame training utilized
custom-built stereoscopes to enable us to present separately controlled stimuli to the two
eyes, and enable subjects to fuse them. Although constructed from a highly popular game
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platform, the dichoptic game intervention required subjects to perform the extensive training
(40 h) in the lab. While this provided us with excellent control and monitoring of the
training, it was a hardship for participants, resulting in a large dropout rate (38%). We note
that our secondary analysis shows that the differential dropout rate between the two groups
did not bias the outcome. We suspect that home training would substantially improve
compliance.

Unfortunately, most previous perceptual learning/videogame studies do not report dropout
rate, hence it is difficult to compare ours with other forms of active treatment. Although not
directly comparable, it is well documented that in children with amblyopia, compliance with
prescribed at-home patching is poor. On average, amblyopic children patch for less than half
the prescribed dose (Stewart et al., 2004). Future studies should aim to better document
attrition rate, as well as test ways to motivate participants to continue in training.

Finally, as noted above, it is not clear that dichoptic videogames/perceptual learning result in
greater improvement in visual acuity than monocular videogames/perceptual learning. On
the other hand, a key goal of dichoptic training is to foster binocular cooperation and
stereopsis. While the jury is still out on which approach is best, a review of the extant
studies suggests that stereopsis can be improved in a substantial proportion of individuals
with anisometropic amblyopia through either monocular or dichoptic training; however,
individuals with strabismic amblyopia fare better with dichoptic training than with
monocular training and better yet with direct training of stereopsis (Levi et al., 2015).

5. Conclusion

Our novel dichoptic/PL video game, which combines action gaming with perceptual
learning, suppression checks and image strength matching across eyes, results in a broad
range of improvements in adults with amblyopia, and provides some pointers toward
principles for improving treatment for amblyopia. Our game training was more effective in
recovering visual acuity than “supervised patching”. Our study also highlights a surprising
positive impact of supervised patching for anisometropic, but not strabismic amblyopia.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Post-intervention Assessments (n=38)
1

8 weeks no-contact period

Dropped
(n=3)

v

Follow-Up Assessments (n=35)

General Study Design. 119 potential participants were screened for participation in the
study. 54 failed screening for various reasons (e.g. resolved amblyopia, other pathologies
present). The 65 participants that qualified for in-lab visit following screening (55% of
screened) were scheduled to complete the study baseline assessment battery. Seven
participants were subsequently excluded from the study: four could not make the required
time commitment, while the other three no longer qualified after being given a refractive
adaptation period (see text). Fifty-eight (n = 58) participants completed the baseline
assessments, and were allocated into one of two intervention groups: game group (n = 37) or
movies group (n = 21). 23 participants from the game group and 15 from the movies group
completed a total of 40 h of intervention. During the intervention, visual acuity and
stereoacuity only were assessed after 13 and 26 h of intervention (‘mid assessment’). At the
completion of 40 h, participants repeated the complete assessment battery (‘post-
intervention’). Following an 8-week period of no-contact, participants (n = 35) repeated the
complete assessment battery a third time (‘follow up’). Abbreviations: Aniso: subjects with
anisometropic amblyopia (no strabismus); Strab: subjects with strabismic amblyopia (both
strabismic and mixed aetiologies are included).
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Fig. 2.

Tr?e dichoptic custom-made Unreal Tournament video game. (A) Game group participants
used a mirror stereoscope to achieve alignment and play the dichoptic game. (B) Nonius
lines appearing at the beginning of a training session, to allow for alignment and fusion of
the two eyes. Participants viewed this through a stereoscope, when each eye receives half a
cross. Participants were asked to align the two images until they perceived a complete cross
in the center. (C) A screen shot of the actual game while being played by an amblyopic
participant. At the start of each training session, participants adjust the alpha level of the
image seen by the non-amblyopic eye (NAE) in order to overcome suppression and to
achieve fusion. The set alpha level is then used to play the game, so that the amblyopic eye
(AE) image is usually brighter than the NAE image. Green and red targets (see cross hairs)
are also aligned prior to game play. In addition, an adaptive Gabor discrimination task is
embedded in the scene viewed by the AE (gray square in center of left image). Participants
were instructed to play the action game, by shooting enemies or bots as quickly as possible.
A demo of the game can be seen at: http://www.youtube.com/watch?v_71RML96XXCI.
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Fig. 3.

Cr?anges in visual acuity (VA) as a function of hours of either video game play or movies
watching. Color coding is used throughout the figures to represent the type of amblyopia.
Red squares, strabismic (either pure strabismics or mixed etiology); blue circles,
anisometropic. Solid symbols: game group; Open symbols: movies group. (A) Average VA
(in logMAR units) as a function of hours of training for game (solid symbols) and movies
(open symbols) groups. Error bars: one SEM (here and in all subsequent figures). (B) Post-
intervention VA (y-axis) as a function of baseline VA (x-axis) for individual participants.
Values below the diagonal represent improved VA at post-intervention relative to baseline.
Larger colored symbols show averaged VA data for anisometropic (blue) and strabismic
(red) individuals. Data from previous studies using either monocular videogame play (Li et
al., 2011) or dichoptic tetris (Li et al., 2013) are shown for comparison.
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Fig. 4.

Cr?anges in stereopsis as a function of hours of either video game play or movies watching.
(A) Log stereoacuity improvement (Log stereoacuity Pre — Log stereoacuity Post) as a
function of time in intervention (hours) for both game (solid symbols) and movies (open
symbols) groups. The dotted gray line indicates no improvement. (B) Individual stereoacuity
data at post-intervention as a function of baseline stereoacuity for game (solid symbols) and
movies (open symbols) groups, plotted in log—log coordinates. Stereoacuity of 20-40 arcsec
is within the normal stereo vision range; stereoacuity larger than 400 arcsec on the Randot
circles test is considered stereo-blindness and was assigned a value of 600 arcsec. Color
coding is similar to previous figures. Values below the diagonal represent improved
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stereoacuity. Note that not all individual data points are visible due to observations with
overlapping values.
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Contrast Sensitivity Data. Area under the contrast sensitivity curve (AULCSF) for
amblyopic eye (AE) at pre-training (y-axis) as a function of post-training and follow-up
AULCSF (x-axis). (A) Game group data (solid symbols). (B) Movies group data (open
symbols). Blue symbols denote data for subjects with anisometropic amblyopia at post-
training (blue circles) and follow up (blue diamonds); Red symbols denote data for subjects
with strabismic amblyopia at post-training (red squares) and follow-up (red diamonds).
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Larger symbols denote averages (SEM). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Changes in reading speed and in subjective fear of losing the good eye following training.
(A) Difference reading speed from preto post-intervention (top) and from baseline to follow-
up (bottom). Changes are denoted as difference in averaged reading speed, averaged across
all attempted sizes. (B) Changes in sub-scale 1 (SS1) of the Amblyopia and Strabismus
questionnaire (ASQE), ‘fear of losing the good eye’ at post training (top) and at follow-up
(bottom). Note that larger values denote less fear of losing the good eye. On all panels,
boxes denote first and third quartile data (+SEM as vertical bars), and small circles and
rectangles denote individual participant data. Data is shown separately for subjects with
anisometropic (blue symbols) and strabismic (red symbols) amblyopia, as well as for game
(filled symbols) and movies (open symbols) groups. (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)
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