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Perceptual training yields rapid 
improvements in visually impaired 
youth
Jeffrey B. Nyquist1,2,3, Joseph S. Lappin1, Ruyuan Zhang4,5,† & Duje Tadin5,6

Visual function demands coordinated responses to information over a wide field of view, involving 
both central and peripheral vision. Visually impaired individuals often seem to underutilize peripheral 
vision, even in absence of obvious peripheral deficits. Motivated by perceptual training studies with 
typically sighted adults, we examined the effectiveness of perceptual training in improving peripheral 
perception of visually impaired youth. Here, we evaluated the effectiveness of three training regimens: 
(1) an action video game, (2) a psychophysical task that combined attentional tracking with a spatially 
and temporally unpredictable motion discrimination task, and (3) a control video game. Training 
with both the action video game and modified attentional tracking yielded improvements in visual 
performance. Training effects were generally larger in the far periphery and appear to be stable 12 
months after training. These results indicate that peripheral perception might be under-utilized by 
visually impaired youth and that this underutilization can be improved with only ~8 hours of perceptual 
training. Moreover, the similarity of improvements following attentional tracking and action video-
game training suggest that well-documented effects of action video-game training might be due to 
the sustained deployment of attention to multiple dynamic targets while concurrently requiring rapid 
attending and perception of unpredictable events.

Perceptual training can lead to considerable improvements in our sensory, attentional and cognitive abilities1,2. 
Arguably, the potential utility of perceptual training is highest in individuals who have diminished percep-
tual abilities. Individuals with low vision are of particular interest. In the United States, more than 20 million, 
including over 500,000 children, have difficulty seeing even when wearing glasses or contact lenses3. Many visual 
impaired children require special education services4. A host of specific etiologies are responsible for disabling 
vision, including amblyopia, retinopathy of prematurity, congenital nystagmus, ocular albinism, etc. These con-
ditions are often referred to as low vision (LV). Unfortunately, in traditional clinical practice, it is believed that 
few visual impairments respond to therapeutic techniques. Instead of adjusting the visual deficit itself, the focus 
is typically on adjusting the individual to the world through instruction of everyday skills. Perceptual learning 
studies, however, suggest a reconsideration of these traditional views. For typically-sighted individuals, percep-
tual learning can improve a wide range of visual abilities, including perception of motion, orientation, spatial fre-
quency, as well as vernier acuity, identification of objects, visual search and face perception1,2. Visually impaired 
youth and adults also show evidence of perceptual learning, including improved contrast sensitivity, acuity 
thresholds, feature search and reading speeds5–7.

Early work on perceptual learning has found strong evidence for highly focused visual improvements that 
are specific to the trained parameters1,2,8. However, recent studies revealed a number of cases where perceptual 
learning can transfer to untrained tasks and stimuli9,10. In fact, a significant portion of the current research on 
perceptual learning is aimed toward elucidating conditions that facilitate generalization of perceptual training. 
Effects of perceptual learning also vary across people. Notably, for low vision individuals, emerging evidence indi-
cates that perceptual training can yield broader transfer to untrained stimuli and tasks11–13. Low vision individuals 
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are also more likely to have sizeable benefits from perceptual training, with learning effects tending to be larger 
for those with poor initial performance14–16. In sum, there is good evidence that perceptual training can be an 
effective intervention for low vision.

A related line of research shows that video game training can result in widespread improvements1 that include 
both higher-level attention tasks17–20 as well as low-level visual tasks, such as contrast sensitivity21 and orien-
tation discrimination22. Recent work has demonstrated the therapeutic effectiveness of video game training in 
visually impaired individuals23–27. Action video games, unlike traditional perceptual learning tasks, are much 
more complex in their task demands and stimuli. These games require rapid deployment of attention to multiple, 
and often unpredictable, dynamic stimuli. This, in turn, places additional demands on dynamic control of visuo-
motor mechanisms, which may be particularly important in peripheral vision28,29. LV is often associated with a 
characteristic reduction in attention to peripheral visual fields, even when there is no known impairment to this 
region30–32; impairments of either the central or peripheral fields often reduce visual performance in using other 
regions33,34. This suggests that some of the impairments observed in LV might reflect higher-level attentional 
deficits—deficits that might be particularly amendable via action video game training.

Here, we investigated the effects of perceptual training on visual functioning of children with low vision by 
contrasting three different training regimens: a typical action video game (AVG), a novel modified attentional 
tracking task (MAT) and a control, non-action video game. The tracking task combined conventional attentional 
tracking35,36 with a spatially and temporally unpredictable motion discrimination task. It was designed to emu-
late a specific subset of task demands found in action video games. In general, an effective video-game player 
must be able to distribute and switch his/her attention to many locations in rapid succession while at the same 
time monitor the display for unexpected targets. Targets also move, requiring players to track multiple objects 
simultaneously, while ignoring irrelevant stimuli. The attentional tracking training task was designed to present 
these specific task characteristics in a controlled fashion, while eliminating many other components of action 
video games, such as the demand for speeded hand-eye coordination, complex stimulus parameters, and large 
variations in task demands.

By comparing these three training regimens (AVG, MAT and control), we can directly test whether the 
laboratory-style attentional tracking task includes sufficient visual demands to produce training effects similar 
to those found in action video games. As we are interested in training paradigms that work relatively quickly, the 
training was limited to ~8 hours (10 sessions). Training effects were evaluated by several psychophysical meas-
ures of visual functioning in both central and peripheral visual fields. Motion perception at various visual field 
locations was assessed with a direction discrimination task. The spatial resolution of attention was assessed using 
a perceptual crowding task37. A visual search task of naturalistic scenes was included to assess more ecological 
forms of visual functioning. Finally, for a subset of participants, we also examined whether training-induced 
improvements remained stable over time by conducting follow-up testing 12 months after the end of training.

Results
Pre-training results.  We reported a detailed analysis of pre-training results in a previous paper32. In brief, 
pre-training results revealed low central acuity for motion, deficits in motion perception that increased with 
increasing visual eccentricity, large impairments in the visual search ability and moderate deficits in visual crowd-
ing. These impairments exhibited only a modest relationship with visual acuity. Overall, the results were consist-
ent with abnormal attentional mechanisms playing a significant role in observed task impairments32.

These results constitute a baseline against which training effects were evaluated. In Figs 1, 2, 3, 4, and 5, pre 
training data are indicated by dashed lines (for LV; n =​ 24) and green solid bars (for typically sighted, TS, n =​ 7). 
To deal with a considerable amount of baseline variability among LV participants, pre-training task performance 
was included as a covariate for each analysis.

Performance on training tasks.  After ten training sessions, all participants improved on their respective 
training tasks: AVG (n =​ 7), MAT (n =​ 8) and a control game (n =​ 9) that is similar to the popular game of Tetris 
(see Methods for detailed training task descriptions). Because game performance is unlikely to fall on a ratio 
scale, improvement numbers listed below are for illustration only. Moreover, because changes in task difficulty 
were not matched for the three training tasks and for different MAT measures, performance among training tasks 
cannot be directly compared (e.g., it is much easier to gain a 10% improvement on the control task than on the 
MAT task). Improvement for the AVG group was tracked by the descriptive statistics for the game. On average, 
participants completed 45% of “challenges,” with 2.4 “tournaments” per training session. Improvement for the 
MAT group was tracked by four different measures, three for the tracking task (ball velocity, number of tracked 
targets, and number of distractors) and one for the unpredictable motion discrimination task (stimulus duration). 
To be conservative, we used the second training session as the baseline. Participants exhibited large improve-
ments from the first to the second session, but we suspect that, at least in part, these improvements also reflected 
learning of task demands. Comparing the second and the final training session, these four measures improved by 
24%, 12%, 12% and 13%, respectively. Performance in the control video game was measured for each session by 
the median score of all games played in that session and revealed a 376% improvement over 10 training sessions.

Post-training results.  The effects of training were assessed by ANCOVA and MANCOVA analyses. In all 
analyses reported below, age, acuity and pre-training thresholds were included as covariates. All pairwise com-
parisons are Bonferroni corrected.

Foveal acuity for motion and foveal motion direction discrimination.  Different training regimens 
had no significant effect on the visual performance in either of these foveal tasks (Fig. 1). This was expected 
because both experimental training tasks were designed to place high demands on peripheral visual processing. 
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Foveal spatial acuity was analysed with a 3 ×​ 2 ANCOVA, including training group (control, AVG or MAT) and 
nystagmus (nystagmus or no nystagmus) as between-subjects factors. There was no significant effect of training 
group (F2,15 =​ 0.94, p =​ 0.41, observed power =​ 0.18). The nystagmus factor and training group by nystagmus 
interaction were also not significant (F2,15 =​ 0.41, p =​ 0.53, observed power =​ 0.09; F2,15 =​ 1.10, p =​ 0.36, observed 
power =​ 0.21, respectively). An equivalent analysis for the foveal motion direction discrimination performance 
also showed that different training regimens had no significant effect on the visual performance in this task  
(F2,15 =​ 2.83, p =​ 0.09, observed power =​ 0.47). Here, the nystagmus factor was significant (F2,15 =​ 5.85, p =​ 0.029, 
observed power =​ 0.62)—participants with nystagmus exhibited positive training-induced changes relative to 
those without nystagmus (on average, a 11% improvement vs. 4% worsening, respectively). The group by nystag-
mus interaction was not significant (F2,15 =​ 1.84, p =​ 0.92, observed power =​ 0.32).

Single target motion direction discrimination.  Potential effects of perceptual training on peripheral 
vision were a main focus of this study. Results (Fig. 2) show that both AVG and MAT resulted in improved 
motion discrimination performance at 25° but not at 12° eccentricity (Fig. 2). Data were analysed with a 3 ×​ 2 ×​ 2 
MANCOVA, with training group (control, AVG, MAT) and nystagmus as a between-subjects factor and eccen-
tricity (12° and 25°) as a within-subjects factor. The main effect of training group was statistically reliable  
(F2,14 =​ 4.14, p =​ 0.039; observed power =​ 0.63). Pairwise comparisons revealed significantly better performance 
in the MAT group relative to the control group (p =​ 0.045, Bonferroni corrected), with no significant differences 
between AVG and control groups (p =​ 0.30) and between MAT and AVG groups (p =​ 0.43). The main effect of 
nystagmus was not significant (F1,14 =​ 0.33, p =​ 0.58, observed power =​ 0.08). Also, we noted a strong interac-
tion of training and eccentricity (F2,19 =​ 9.34, p =​ 0.004; observed power =​ 0.94). Pairwise comparisons revealed 
no significant differences between control and experimental groups at near periphery (AVG, p =​ 0.82; MAT, 
p =​ 0.47) but significant differences at far periphery (AVG, p =​ 0.032; MAT, p =​ 0.002, Bonferroni corrected).

Multi-target direction comparison.  Training also improved participants’ ability to compare motion direc-
tions of spatially separate stimuli (Fig. 3). Data were analysed with a 3 ×​ 2 ×​ 2 MANCOVA, with training (control, 
AVG, or MAT) and nystagmus as between-subjects factors and eccentricity (12° vs. 25°) as a within-subjects fac-
tor. There was a marginal effect of training group, F2,14 =​ 3.69, p =​ 0.052; observed power =​ 0.58). Nystagmus was 
not a significant factor (F1,14 =​ 0.013, p =​ 0.91, observed power =​ 0.05). Notably, there was a significant interac-
tion between training group and eccentricity (F2,14 =​ 4.27, p =​ 0.036; observed power =​ 0.65), with experimental 
training groups separating from the control group in the far periphery (Fig. 3). Pairwise comparisons revealed no 
significant differences between control and experimental groups at near periphery (AVG, p =​ 1.0; MAT, p =​ 0.13). 
At far periphery, there was no significant difference between control and AVG groups (p =​ 0.19) and a marginal 
difference between control and MAT groups (p =​ 0.07, Bonferroni corrected).

Visual crowding.  AVG and MAT training also improved participants’ tolerance for spatial crowding (Fig. 4). 
Data were analysed with a 3 ×​ 2 ×​ 2 repeated measures MANCOVA with training (control, action, or psychophys-
ical) and etiology (nystagmus vs. not nystagmus) as between-subjects factors and eccentricity (8° and 16°) as a 
within-subjects factor. There was a main effect of training group (F2,14 =​ 5.77, p =​ 0.015; observed power =​ 0.782). 
Pairwise comparisons revealed that the control group was significantly worse than the AVG group (p =​ 0.025) 
and marginally worse than the MAT group (p =​ 0.064, Bonferroni corrected), with no significant differences 
between AVG and MAT groups (p =​ 1.0). Nystagmus was not a significant factor (F1,14 =​ 0.39, p =​ 0.54, observed 
power =​ 0.09). A marginal interaction between training and eccentricity was noted (F2,14 =​ 3.29, p =​ 0.067, 
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Figure 1.  Effects of training on foveal motion perception. Estimated post-training thresholds for three 
training groups in the central acuity for motion task (left) and central motion discrimination task (right). To be 
consistent with other graphs in this paper, Y-axis for the acuity task is flipped (i.e., larger numbers, indicating 
better performance, are given at the bottom of the y-axis). Error bars are SEM. Adjusted pre-training baseline 
for LV participants is shown with a dashed line. Mean performance for TS participants is shown with green 
horizontal bars. The width of the bar includes mean +​/−​ SEM.
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observed power =​ 0.53). At the near location (8°), post-training performance for AVG group was significantly 
better than that of the control group (p =​ 0.042, Bonferroni corrected), with no significant differences between 
MAT and control groups (p =​ 0.19). Relative to the control group at the far location (16°), we observed a signifi-
cant improvement for the AVG group and a marginal improvement for the MAT group (p =​ 0.034, 0.059, respec-
tively, all Bonferroni corrected).

Visual search.  Large training-induced improvements were observed for the visual search task (Fig. 5). Visual 
search performance was analysed with a 3 ×​ 2 ANCOVA, including training group (control, AVG or MAT) and 
nystagmus as between-subjects factors. There was a significant effect of training group (F2,15 =​ 4.49, p =​ 0.03; 
observed power =​ 0.68). Here, there were marginal differences between both AVG and MAT groups and the 
control group (p =​ 0.081, 0.067, respectively, Bonferroni corrected), with no differences between AVG and MAT 
groups (p =​ 1.0). The nystagmus factor was not significant (F1,15 =​ 0.63, p =​ 0.44; observed power =​ 0.12), with no 
significant training by nystagmus interaction (F2,15 =​ 1.35, p =​ 0.29; observed power =​ 0.25).

Summary of results.  For all tasks where task demands involve attention to peripherally presented stimuli, 
we found significant effects of training. This was evident in significant main effects of training group and/or sig-
nificant training group by eccentricity interactions. Figure 6 summarizes these results by showing distribution 
of training-induced threshold changes for individual participants pooled over tasks involving visual periphery. 
While distribution for the control tasks centres on 0 (2.1% threshold improvement), AVG and MAT task results 
are biased toward threshold improvements (16.4% and 28.4% average threshold improvements, respectively).

Motivated by evidence that larger perceptual training effects are often observed for individuals with poor 
pre-training performance14–16, we examined correlations between pre-training performance and training-induced 
improvements. Here, we combined AVG and MAT groups to increase statistical power. The results revealed no 
significant correlations over all tasks and conditions, with just one marginal link (visual search task, rs =​ 0.48, 
p =​ 0.07; uncorrected; all other correlations: p >​ 0.14, uncorrected). We are, however, reluctant to make strong 
conclusions from this null result. Our study is underpowered for correlational analyses, especially when consid-
ering our heterogeneous group of participants.
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Figure 2.  Effects of training on single target motion direction discrimination. (a) Estimated post-training 
thresholds for three training groups (grey bars). For comparison purposes, central motion discrimination 
results from Fig. 1 are replotted (left panel). All conventions are as described in the Fig. 1 legend. Note that 
while performance for TS individuals improved with eccentricity, performance of LV individuals worsens32. 
(b) Distribution of threshold changes from pre to post-training for individual participants from three training 
groups. Positive numbers indicate improvements. Triangles show mean results for three training groups. The 
leftmost bin includes data between −​85 and −​50. Shaded reddish areas indicate decreases in performance.
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Learning retention 12 months after training.  To examine whether training-induced improvements 
remained stable over time, we re-tested four LV participants 12 months after training (two from AVG group and 
two from MAT group). Given the small re-test sample and a lack of systematic group differences between AVG 
and MAT groups at post-training, we analysed AVG and MAT participants together. Results (Fig. 7) revealed that 
training-induced improvements remained relatively stable 12 months after training. Although, across tasks, we 
found a modest, but statistically reliable decline in task improvements (t7 =​ 3.19, p =​ 0.015), 12 month follow-up 
performance still exhibited highly significant improvements relative to the pre-training data (t7 =​ 4.1, p =​ 0.005).

Discussion
Our results demonstrate that visual skills of LV youth can be enhanced by cognitive/perceptual training. 
Peripheral motion sensitivity, perceptual crowding, and visual search all improved after about eight hours of 
training. Notably, the training effects tended to be greater in the far periphery, with no improvements in the fovea. 
Several of these training effects were substantial. Importantly, preliminary evidence shows that the training effects 
appear to be generally stable after 12 months. A long-standing question in literature on action video games and 
plasticity is what game components primarily contribute to training-induced enhancements in perception and 
cognition38. Here, we showed that action video games were not necessary for achieving generalized perceptual 
learning. In fact, MAT training produced comparable (and often numerically larger) improvements as AVG train-
ing in tasks where improvements were observed.

What training aspects were instrumental in achieving the observed gains in perception? While our study was 
not designed to evaluate subcomponents of each training task, both AVG and MAT training likely developed 
skills in coordinating dynamic visual attention. MAT included two concurrent, dynamic, attention-demanding 
tasks: (A) Attending simultaneously to several independently moving objects required rapid switching and divid-
ing attention to multiple objects at continually changing locations36,39; (B) A peripheral motion-discrimination 
task demanded concurrent vigilance for detecting and discriminating brief, spatially and temporally unpredicta-
ble, peripheral motion stimuli. Similar task demands also occur in action video games. However, the complexity 
of action video games makes it difficult to pinpoint the critical components responsible for observed training 
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effects. Action video games place significant demands on the visual attention system, but also entail additional 
visual-motor demands1. As training in action video games and multiple object tracking have already been shown 
to effectively enhance spatial-temporal attention coordination18,19,40, we speculate this attentional enhancement, 
at least in part, accounts for improved performance noted in our visual tasks. This is also consistent with coupling 
effects of attention and learning in visual processing. Efficient attentional orienting can improve low-level stim-
ulus detection and decrease response times, even when the eyes are looking elsewhere41. Previous experiments 
also showed that top-down attention plays an important role in supervising low-level perceptual learning42,43. 
Moreover, improvements in attention can also reduce the crowding effect18,44. Finally, as an important component 
of central executive function, improvements in attention can also affect high-level cognition, such as memory 
encoding and retrieval and executive control. In turn, these key aspects of high-level cognition may also affect 
learning. In fact, this is suggested by the “learn to learn” hypothesis, which explains broad transfer of action video 
game training as caused, at least in part, by enhancements in high-level learning ability1,22.

During natural vision, attention guides visual processing toward task-relevant and salient items in complex 
visual scenes. Better attention has been shown to substantially increase saliency detection, feature selection and 
integration45,46. Such improvements will likely have effects on everyday functioning for LV individuals, who com-
monly report difficulties in everyday tasks that rely on visual search skills, expressing problems with distracting 
objects and events, cluttered visual scenes, and inefficiencies in locating task relevant objects. Liu, Kuyk and Fuhr6  
trained LV and TS subjects on a feature search task. Both groups improved after 5 days of training. Of interest, 
LV subjects improved more on a 40° field size than on 10° and 20° field sizes, while TS subjects did not show a 
difference by field size. This is consistent with the results of our study, namely evidence for larger improvements 
in far periphery.

The pattern of vision improvements reported here is of possible relevance for improving the effective visual 
span and reading speed. While reading is largely dependent on high-acuity central vision, it is also affected by 
peripheral function. Specifically, tolerance for peripheral perceptual crowding has important implications for 
reading and is a common practical problem for visually impaired individuals, including amblyopia or normal 
aging47–50. One review of studies reported that the primary presenting complaint at low vision clinics is problems 
with reading51. It appears that low-vision readers primarily differ from normal readers by having abnormally 
short saccades52. Notably, these abnormally short saccades can be linked with a reduction in the visual span of 
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letters that can be recognized in one fixation53,54. Attention, in general, has also been linked with reading. A recent 
longitudinal study found that visual spatial attention in pre-schoolers predicts future reading acquisition55. Thus, 
it can be argued that reducing perceptual crowding and/or improving spatial resolution of attention may help to 
improve reading ability. Supporting this assertion, Franceschini, et al.56 found that action video game training 
can improve reading skill in dyslexic children. On the other hand, a visual crowding training study with typical 
individuals failed to find significant improvements in reading speed57. It is possible, however, that utilization of 
broader and more complex training regimens (e.g., action video game) may be more effective than use of very 
specific training paradigms (e.g., visual crowding training).

In sum, we studied LV patients who exhibited severe visual perception deficits that were especially prominent 
in the far periphery32. Results revealed that both AVG and MAT training were effective at reducing the observed 
deficits, especially in the far visual periphery. Given that improvements also included motion perception tasks, 
we speculate that the possible practical benefits also include improved visually guided mobility. We discuss these 
results in context of improved attentional functioning. These findings shed light on mechanisms that underline 
visual impairments in peripheral vision of LV individuals and suggest possible therapeutic interventions for their 
correction.

Methods
Participants.  Twenty-four children and adolescents with low vision (ages 9–18; mean =​ 14.2 years) were 
recruited and tested at the Tennessee School for the Blind and the Oklahoma School for the Blind. Participants’ 
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best-corrected binocular acuities ranged between 20/60 and 20/800. Participants were selected from a larger 
cohort (~300 students). Inclusion criteria included visual fields of at least 35° in both visual hemifields and no 
history of cognitive impairments. Detailed information about participants and their etiologies is in our previous 
publication32. All 24 participants completed the entire study. See Table 1 for clinical diagnoses, acuity, ages and 
group assignment of participants with low vision. A control group of 7 adolescents with typical visual fields 
and normal or corrected-to-normal acuity (ages 10–17; mean =​ 14.6 years) was tested at Vanderbilt University. 
The study was conducted in accordance with the tenets of the Declaration of Helsinki and was approved by 
Institutional Review Board at Vanderbilt University. All participants provided written informed consent.

Previous pilot work suggested that participant’s prior experience with visually demanding activities  
(e.g., action video games, certain ball-based sports, biking) could have a confounding effect on study measures. 
To control the influence of this factor on outcome measures, a randomized block design was incorporated into 
the assignment process. Participants were first assessed on previous relevant experiences with a questionnaire. 
Based on their answers, participants were stratified, or blocked, into three levels of this factor. Participants in each 
block level were then randomly assigned to a training condition without replacement. This process continued 
until all participants within a block had been assigned. This form of assignment ensures that each experience level 
is equally represented in each training condition.

Apparatus.  Pre/post training tasks and MAT training.  All dependent measurements and MAT training tasks 
were created using the Psychophysics Toolbox58,59 and MATLAB (The MathWorks Inc., Natick, MA). All stimuli 
were shown at high contrast (99%). For the central acuity task only, stimuli were displayed on a linearized 19-inch 
liquid crystal display monitor (ViewSonic VX924; 1024 by 768 resolution, 85 Hz). Viewing was binocular at a 
distance of 77 cm, with individual pixels subtending 1.64 arcmin2. Ambient and background illumination levels 
were 0.13 and 33.5 cd/m2, respectively.

Stimuli used in all other pre/post tasks and for all training tasks were projected onto a matte screen (174 cm 
by 130 cm; 58° by 45°) by a linearized projector (NEC WT610; 1024 by 768 resolution, 120 Hz). Viewing distance 
was 156 cm, with individual pixels subtending 3.75 arcmin2. Ambient and background illumination levels were 
0.04 and 46.3 cd/m2, respectively. In order to fit training sessions into participants’ school schedules, on several 
occasions we had to run two concurrent training sessions. For such cases, we used an additional projector set-up: 
linearized Panasonic AE-9000U projector (198 cm horizontal ×​149 cm vertical area, with resolution of 1024 by 
768, 85 Hz). Display parameters were made as similar as possible to the NEC projector. The viewing distance was 
~177 cm, which resulted in similar pixel size (3.755 arcmin2) and viewing area (56° by 42°). Ambient and back-
ground illumination levels were 0.7 and 58 cd/m2, respectively. PlayStation 2 video game console was used for 
AVG and control training (more details below).

Procedure.  All pre/post tasks were computer-based and, with the exception of visual search, incorporated 
adaptive QUEST staircases60. Thresholds (82% correct) were estimated with blocks of 25 trials per threshold 
estimate. Pilot work showed that, when faced with a novel psychophysical task, our cohort of participants took 
several blocks of trials to master task demands. To get pre-training measures that are minimally affected by this 
initial learning stage, participants practiced each task until sequential thresholds did not vary by more than 15% 
(usually requiring 3–4 blocks of trials). Following practice, threshold estimates were obtained from three to five 
25-trial blocks of trials. Auditory feedback signalled correct responses. Individual trials were self-paced, with the 
observer initiating the stimulus sequence by a key press.

Pre-training measures were given in the same order for all observers: (A) multi-target motion comparison, 
(B) crowding, (C) visual search, (D) single-target motion discrimination, and (E) central acuity for motion. This 
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fixed task sequence was designed to reduce the effects of changing stimulus-response mappings between tasks, 
which was observed in our pilot work. For instance, when the motion comparison task followed motion direction 
discriminations, we found that observers would sometimes erroneously respond based on motion direction. 
Thus, we started with the comparison task, and placed search and crowding tasks between the two motion tasks to 
provide an additional “buffer.” With the exception of the visual search task, a large fixation cross was used before 
each trial (2.5° width/height). Eye movements were not recorded. Fixation compliance was informally verified 
by the experimenter throughout the experiment. For tasks that included peripheral stimuli (tasks A, B, and D), 
multiple randomized stimulus locations were used, evenly distributed between the left and the right visual field. 
This discourages anticipatory eye movements.

After completing pre-training task, participants were assigned to a training condition. For all three training 
groups, training consisted of playing their predetermined task for 10 total sessions (40–50 minutes per session, 
minimum of 3 times a week and maximum of 5 times a week). After the training phase was complete, participants 
repeated the same computer-based measurement tasks described above, recorded as post-training measures.

Pre/post training measures.  Central acuity for motion.  This task effectively measures the high spatial 
frequency (SF) cut-off for motion direction discriminations of 10 Hz drifting gratings (i.e., the highest SF at which 
motion discrimination was possible). A participant’s task was to identify perceived motion direction (up or down) 
of centrally presented stimuli. Stimuli were presented for 150 ms (square-wave envelope) and shown in a spatial 
raised cosine window, whose size was adjusted to contain 2.25 grating cycles. That is, stimuli with higher SF were 
shown in smaller spatial envelopes.

Single-target motion direction discrimination.  In this task, participants also identified motion direction (up or 
down) of briefly presented stimuli. However, the stimuli were presented in randomly varied locations. Thus, this 
task is similar to the frequently used Useful Field of View test61. Stimuli were Gabors: drifting gratings shown in 
stationary Gaussian spatial envelopes (2σ​ =​ 3.2°). For this and all tasks described below, a fixed stimulus size was 
used (i.e., stimuli were not scaled for eccentricity). Stimulus motion was either upward or downward (13.3°/sec,  
10 Hz). SF was 0.75 cycles/°, low enough to ensure visibility over the full range of eccentricities used in this 
experiment. To measure visual sensitivity, we used QUEST staircases to estimate the briefest presentation dura-
tions sufficient for accurate perception of stimulus motion direction62,63. Stimulus duration was set by a hybrid 
Gaussian envelope64, with duration taken as the width at half height of the temporal envelope. Stimulus location 
was unpredictable. There were 13 possible stimulus locations, with stimulus presentations distributed evenly 

Age Binocular acuity Clinical Diagnosis Nystagmus

Control group

14 20/400 Nystagmus Yes

14 20/200 Ocular albinism Yes

14 20/200 Ocular albinism Yes

10 20/800 Ocular albinism Yes

13 20/200 Ocular albinism, photophobia Yes

9 20/200 Retinopathy of prematurity No

15 20/400 Retinopathy of prematurity No

10 20/200 Stargardt’s macular dystrophy No

14 20/60 Stargardt’s macular dystrophy No

Action video game group

14 20/200 Aphakia, chronic blepharitis, juvenile glaucoma No

15 20/200 Bilateral iris, retinal colobomas No

16 20/200 Congenital cataracts, aphakia Yes

10 20/300 Esotropia Yes

16 20/400 Retinitis pigmentosa No

13 20/200 Septo-optic dysplasia No

18 20/200 Stargardt’s macular dystrophy No

15 20/200 Stargardt’s macular dystrophy No

Modified attentional tracking group

15 20/200 Congenital cataracts, aphakia Yes

15 20/200 Hyperopia Yes

17 20/400 Ocular albinism Yes

16 20/800 Ocular albinism Yes

16 20/400 Ocular albinism, exotropia Yes

16 20/200 Ocular albinism, photophobia Yes

15 20/800 Retinopathy of prematurity No

Table 1.   Ages and Visual Characteristics of Participants.
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between three eccentricities (0°, ±​12°, ±​25°) and three radial axes (horizontal, 45°/225°, 135°/315°). Thresholds 
were estimated for each of three eccentricities, collapsing across radial axes.

Multi-target motion direction comparison.  This task requires participants to perceptually compare motions 
of three spatially separate stimuli, presented simultaneously in the left, central and right visual fields. Stimulus 
motions could be either all identical (i.e., either all upward or all downward), or, on a half of the trials, one stim-
ulus direction was opposite from the other two (e.g., two downward and one upward). Participants discrimi-
nated between these two types of trials (all motions same vs. one oddball). There were two randomly interleaved 
spatial arrangements. While the middle stimulus was always presented in the centre, the two peripheral stimuli 
were either at ±​12° or ±​25° eccentricity along the horizontal meridian. All other details are as described for the 
single-target experiment.

Visual crowding.  Crowding occurs when a group of objects is shown in visual periphery, resulting in impaired 
discrimination of the “crowded” object37. This effect becomes more pronounced as the eccentricity increases. 
Consequently, crowding effectively limits visual spatial resolution in cluttered scenes, limiting critical visual 
functions such as reading and object recognition. We measured crowding with stimuli composed of five neigh-
bouring Landolt C-shapes (3° diameter, with a 45° wide opening). Target shape was in the centre, surrounded by 
four equidistant distracter shapes. The participant’s task was to identify the direction of the Landolt C opening 
(up, down, left, right). This stimulus briefly appeared as one of four randomly selected locations (±​8° or ±​16° 
eccentricity, randomly selected). To measure thresholds, we used QUEST staircases to adjust the centre-to-centre 
separation between target and distracters. Larger spacing thresholds indicate worse performance and greater 
susceptibility to crowding.

Naturalistic Visual Search.  Participants were asked to locate everyday objects (e.g., coffee cup, plant, telephone) 
within photographs of everyday scenes (e.g., office rooms). We estimated visual search ability using images of 
target objects in cluttered scenes (e.g., a stapler in a cluttered office). Thirty-six unique target/scene-combinations 
were created with nine target objects (e.g., stapler, medicine bottle), each presented in four different scenes (e.g., 
work office). Stimuli were shown on the large projection screen (as described above) allowing for objects and 
scenes to be close to life-size. Target object size ranged from 3° to 9° (median ~5°). Each target-scene pair was 
presented once in a set of 36 trials. Different sets of images were used for pre- and post-training.

On each trial, the target object was first shown in isolation (5 s) and was verbally identified by the experi-
menter. Next, the visual search scene appeared. Participants were instructed to first visually locate the target 
object (i.e., perform visual search), and then use a laser pointer to mark its location. The laser pointer action was 
accurate, fast and direct. That is, the reported search times reflect variability in visual search times and not indi-
vidual difficulties in the pointing action. If the target was correctly localized, the experimenter pushed a button to 
stop the trial and the timer. In case of the incorrect localizations, the experimenter only said “no,” which indicated 
to the participant to keep searching. If 30 s elapsed, the experimenter said “Keep looking, you’ll find it.” If the 
target was not located in 30 sec, the experimenter restated the name of the target.

Training Tasks.  For AVG training, we used a PlayStation 2 game called “Ratchet and Clank: Dreadlocked”. 
This game includes the task demands characteristic of action video games used in previous studies but it is more 
appropriate for children and adolescent participants than typically used first-person shooter games. The control 
task is a video game called “Lumines.” This game is similar to the well-known game “Tetris,” which has been used 
regularly in previous training studies as a control condition65.

The MAT training task is a modified multiple-object tracking task. Participants tracked moving targets 
embedded in a field of competing, and visually identical, distracting elements. During target tracking, temporally 
and spatially unpredictable Gabors are presented in the far periphery. Participants are asked to discriminate the 
motion (up/down) of these Gabors.

In a typical trial (Fig. 8), participants hit a key to initiate the trial sequence. A number of static white balls 
(4–10; 1.5° in diameter) are presented for 2 seconds, appearing in random locations within a box (46° wide ×​ 34° 
high). During this time, 2–5 balls are highlighted with a black outline to signal their status as targets. Next, all 
balls become visually identical and begin moving randomly and independently of one another, avoiding each 
other and the edge of the box. These balls can approach but never touch each other (they repulse each other). 
Movement continues for 10 seconds, during which time briefly presented Gabors may appear directly outside the 
box to the left or right (+​/−​ 25° eccentricity). Participants are asked to discriminate their motion (up or down; 
all other task details as described for the Single-target motion direction discrimination task). Between 0 and 2 
Gabor presentations may occur during a single tracking trial. Onset of the first Gabor (if present) occurs some-
times between 0.5 and 3.5 s after the beginning of target tracking. Onset of the second Gabor (if present) occurs 
between 0.5 and 3.5 s after the response to the first Gabor. After balls stop moving, two balls become highlighted 
(one red and another blue; Fig. 8, far right panel). Participants then respond to which highlighted ball is a tar-
get. Immediate auditory feedback is provided for correct or incorrect answers to both the tracking task and the 
motion discrimination task.

Two QUEST staircase procedures are used in the MAT training task. One adjusts the velocity of ball targets 
and distractors. Velocities typically ranged between 5 and 30°/s. If ball velocity exceeded 25°/s, then the number 
of targets and distractors was increased for the next block of trials. Participants usually completed two blocks of 
50 trials during each training session. A second QUEST procedure adjusted durations of the peripheral targets 
(as described for the Single-target motion direction discrimination task). These two QUEST procedures were 
used to keep performance adapted to participants’ skill level, similar to video games. By converging toward 82% 
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correct threshold, this minimizes the experience of failure, which presumably should have a positive effect on 
participants’ motivation.

Data Analysis.  As expected given diverse etiologies and varied acuity among participants (Table 1), we 
observed very high individual variability across all of the pre-training measures32. Such baseline differences make 
it very challenging to directly evaluate the training effects under different regimens. Thus, we utilized analysis of 
covariance (ANCOVA/MANCOVA) in which extra covariates, presumably the source of variability, are included. 
Analysis of covariance allowed us to directly disentangle training effects from various sources of theoretically 
unrelated factors and to address how different groups of subjects improved when the pre-training baseline was 
statistically controlled. All pairwise comparisons are Bonferroni corrected.
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