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Medical rehabilitation involving behavioral training can produce highly successful
outcomes, but those successes are obtained at the cost of long periods of often
tedious training, reducing compliance. By contrast, arcade-style video games can be
entertaining and highly motivating. We examine here the impact of video game play
on contiguous perceptual training. We alternated several periods of auditory pure-tone
frequency discrimination (FD) with the popular spatial visual-motor game Tetris played
in silence. Tetris play alone did not produce any auditory or cognitive benefits. However,
when alternated with FD training it enhanced learning of FD and auditory working
memory. The learning-enhancing effects of Tetris play cannot be explained simply by the
visual-spatial training involved, as the effects were gone when Tetris play was replaced
with another visual-spatial task using Tetris-like stimuli but not incorporated into a game
environment. The results indicate that game play enhances learning and transfer of the
contiguous auditory experiences, pointing to a promising approach for increasing the
efficiency and applicability of rehabilitative training.

Keywords: perceptual training, auditory learning, video game, working memory, tone frequency discrimination,
tone n-back

INTRODUCTION

Rehabilitative training has long been used to improve perceptual and cognitive performance in
normal (Mahncke et al., 2006; Takeuchi et al., 2010) as well as clinical (learning impairement,
Merzenich et al., 1996; e.g., amblyopia, Maurer and Hensch, 2012; stroke, Taub, 2012) populations.
However, rehabilitative training, typically consisting of many hours of repetitive practice, is often
too effortful and tedious for the intended users (Levi and Li, 2009). In contrast, computer games,
which can be entertaining and easily modified to suit different users, have become a ubiquitous part
of modern life. Playing fast action video games (with audio effects) has been shown to improve a
wide range of visual perception and attention skills (Green and Bavelier, 2003, 2012). Auditory
benefits of game play, on the other hand, have typically been studied using laboratory designed
auditory games (Honda et al., 2007; Whitton et al., 2014; Wise et al., 2015) rather than entertaining
video games. In one notable exception, we previously reported that playing Tetris, a popular arcade
type video game involving fast visual-motor control, improved auditory perception (Amitay et al.,
2006). This result raised the possibility that existing video games may be utilized for auditory
rehabilitation or enhancement of auditory skills. Here we re-examine the supramodal effect of
video game play on auditory learning.
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In our previous report (Amitay et al., 2006), after an hour
of Tetris play, either in silence or accompanied by passive
presentation of tones, players improved on tone frequency
discrimination (FD), and the FD improvement was correlated
with Tetris learning. There are at least three possible mechanisms
for Tetris play to improve auditory perception. The first account
is that auditory learning of Tetris players may reflect general
behavioral improvements induced by familiarization with the
training procedures and environment. This is often referred to
as procedural learning. It occurs at the beginning of training
and saturates rapidly (Hawkey et al., 2004; Ortiz and Wright,
2009). In the previous one-session training experiment (Amitay
et al., 2006), FD testing prior to training was very brief
(∼2 min). Procedural learning could therefore have continued
into the training session. Second, playing Tetris may improve
some supra-modal cognitive functions such as attention or
working memory (WM), which in turn improves auditory
perception. For example, we have shown that WM training
can improve FD performance (Zhang et al., 2016). A third
possibility is that game play interacts across time and modality
with auditory experiences, enhancing rather than generating
auditory learning. Supporting this possibility, within-modal
learning enhancement has been reported for contiguous auditory
(Wright et al., 2010) and visual (Szpiro et al., 2014) stimulus
exposure.

Here, we tested the effect of Tetris play on auditory learning
using a multi-session training paradigm designed to distinguish
these three possible mechanisms (Figure 1). We trained FD with
a roved standard frequency (FD-rove; Figure 1B), a task that we
have previously shown to produce learning over multiple sessions
(Amitay et al., 2005) and transfer to auditory WM (Zhang et al.,
2016). After a 90-min pretest, four training groups practiced for
four daily sessions on either FD, Tetris in silence, FD interleaved
with Tetris, or FD interleaved with another mental rotation task.
All groups were compared with an untrained control group
for evaluation of training. The procedural learning hypothesis
predicts no Tetris effect because the pretest session was long
enough to saturate procedural learning (Hawkey et al., 2004).
The cognitive learning hypothesis predicts auditory benefits for
practicing Tetris only. In contrast, the learning enhancement
hypothesis predicts auditory benefits for Tetris interleaved with
FD, but not for Tetris only. Finally, if the Tetris effect arises from
the visual spatial skills involved in Tetris play, a similar effect
should be observed with the mental rotation task.

MATERIALS AND METHODS

Participants
Seventy eight paid participants aged 18–35 (43 females) were
recruited from the University of Nottingham campus and
neighboring communities. All participants had normal hearing
(<=20 dB HL on tone audiogram between 0.5 and 4 kHz)
and gave informed written consent. The research protocol was
approved by the Nottingham University Hospitals Research
Ethics Committee.

Experimental Design
The experiment consisted of a Pretest session, four training
sessions, and a Posttest session on consecutive days except
weekends (Figure 1A), similar to the training paradigm that has
been previously shown to produce learning on FD-rove (Amitay
et al., 2005). A retention-test session was given 2–4 weeks after the
Posttest. Following Pretest, participants were assigned randomly
into four training groups and one no-contact control group.

In Pre-, Post- and Retention tests participants performed
probe tasks of tone FD, with roving and fixed standards. Auditory
working memory for frequency was also tested (see below for
task description). Task order was randomized across participants
but fixed within individuals. In each training session, the training
groups practiced FD with a roving standard (FD only; n = 16)
for 900 trials (∼35 min), Tetris (Tetris only; n = 14) played
for ∼35 min (downloaded for free from http://sivut.koti.soon.
fi/sodacan; as used in Amitay et al., 2006), FD alternated
approximately every 6 min with silent play of Tetris (FD+ Tetris;
n = 16) or with visual mental rotation (FD + Rotation, n = 16;
Figure 1C). The Control group (n = 16) did not receive any
training, but had the same number of days between pre- and
post-test sessions as the training groups. Seventy-one participants
returned for the retention test.

Task and Stimuli
Frequency Discrimination (FD) Tasks
For FD tasks (Figure 1B, top rows), each trial consisted of
three sequentially presented tones, two of which were identical
(standards) and the third had a higher frequency (the target).
The target tone’s temporal position was randomized across trials.
Participants were instructed to indicate the position of the target
by pressing a button. Feedback was provided visually after each
trial. All tones were 100 ms long, including 10-ms rise-fall ramps,
presented at 75 dB SPL with an interstimulus interval (ISI)
of 300 ms. In the fixed-standard task (FD-fixed), the standard
frequency was always 1 kHz. In the roving-standard task (FD-
rove), the standard frequency varied randomly from trial to trial
between 0.9 and 1.1 kHz in 50 Hz steps.

For FD testing and training, the frequency difference between
the target and standard (1F, expressed as percentage of the
standard) was adaptively varied in blocks of 50 trials. In each
block, 1F started at 50%, and was divided by 2 after every correct
response until the direction of change switched from decreasing
to increasing. Thereafter, the adaptive rule switched to 3-down 1-
up, where 1F was divided by 1.41 after three consecutive correct
responses or multiplied by the same factor after one incorrect
response, to estimate FD threshold at 79% correct point on
the psychometric function (Levitt, 1971). The roving-standard
task was used for training because with this amount of roving,
performance continued to improve through multiple sessions of
practice (Amitay et al., 2005) and learning transferred to WM
(Zhang et al., 2016). Increasing the roving range could disrupt
learning in some participants (Amitay et al., 2005). Two blocks of
each FD task were presented in each test session, and 18 blocks
of FD-rove were presented in each training session. Performance
of each session was evaluated by the average threshold obtained
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FIGURE 1 | Training paradigm and tasks. (A) Training paradigm. Four training groups (FD only, Tetris only, FD + Tetris, and FD + Rotation), together with a fifth,
no-training control group, were tested before (Pretest) and after (Posttest) 4 daily training sessions on the same three tasks. (B) Pre- and Post-test tasks. Top row:
Frequency discrimination with a standard tone frequency roving from trial to trial between 0.9 and 1.1 kHz (FD-rove). Each trial consisted of three tones, two identical
and one higher in frequency (target). Participants were to indicate the target tone. Middle row: Frequency discrimination with a fixed standard frequency of 1 kHz
(FD-fixed). Bottom row: auditory working memory (WM) measured with Tone 3-back. Each trial consisted of 43 tones with salient frequency differences. Participants
were to press a button if a tone were the same as 3 positions back (target). (C) Visual mental rotation task. Top: Four of the seven Tetris shapes (the asymmetric
ones in the rectangle) and all seven colors were used. Bottom: A sample stimulus of five shapes. Participants were to indicate whether all shapes were the same
regardless of angle and color. See text for further details.

in that session. All statistical analyses were conducted on log-
transformed FD data, resulting in normal distributions (Shapiro–
Wilk test, p > 0.16).

Working Memory (Tone 3-Back) Task
Auditory WM was measured using a 3-back task with tonal
stimuli (Zhang et al., 2016). The task (Figure 1B, bottom row)
consisted of 43 sequential 100-ms tones with an ISI of 2,400 ms.
Participants were instructed to press a button if the current
tone matched the tone 3 positions back (a target). Twelve of
the last 40 tones, randomly selected for each sequence, were
targets. No responses were required for non-targets. At the end
of each sequence, performance feedback (percent correct) was
visually provided. All tones were presented at 60 dB SPL. Each
sequence contained eight frequencies drawn between 1,080 and
4,022 Hz and separated by at least one equivalent rectangular

bandwidth (Moore, 2003), so that the frequencies were clearly
distinguishable from each other. Performing this task requires
maintenance of at least 4 tones in working memory and constant
updating of that memory.

Before starting the 3-back task, participants completed one
or two 20-tone sequences of a 2-back version of the task to get
familiarized. Two sequences of the 3-back task were administered
in each testing session. A sensitivity index (d’) was calculated
from hit and false-alarm rates for each sequence. Average d’ of
the two sequences was used for session performance.

Visual Mental Rotation Task
The visual mental rotation task (Figure 1C) was modified after
Sims and Mayer (2002). It was designed to reflect the visual
spatial skills involved in the game Tetris. The four asymmetric
of the seven Tetris shapes were used as stimuli (two pairs of
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mirror-image stimuli). On each trial, a set of stimuli, randomly
selected from the asymmetric shapes, was presented against
an invisible 5 by 5 grid (140 by 140 pixels each cell) at the
center of a white screen of 1024 by 768 pixels. The grid was
filled from top, with one shape (105 by 70 pixels) placed in
the center of a cell. The angle of each shape was randomized
with a step of 90◦ (rotated 0, 90, 180, or 270◦). Each shape
was presented in one of the seven colors used in the Tetris
game, randomly selected at each trial. In contrast to the usual
Tetris game, in the mental rotation task there was no match
between colors and shapes, so that shape had to be used to
solve the task. On half the trials, randomly chosen, all shapes
were the same. On the other half of the trials, a single mirror-
image shape was embedded in the array (the target). The
participant’s task was to judge whether such a target was present
as accurately and as quickly as possible by pressing a button.
The same visual feedback as in FD tasks was provided after
each response. The set size (number of shapes in a display) was
randomly selected from 5, 10, and 15 across trials. A pilot study
indicated that compared to a fixed set size, the randomization
method promoted the challenge and learning of the mental
rotation task. Both performance accuracy and reaction time were
recorded.

Statistical Analyses
For FD tasks, thresholds in percent of standard frequency
were log-transformed for data analyses (Zhang et al., 2016).
For Tone 3-back, performance was measured by d’, calculated
as Z(hit rate) – Z(false alarm rate), where Z is the inverse
cumulative Gaussian distribution. Pretest performance for each
task was compared among the five participant groups with a
one-way ANOVA. Learning of the three FD training groups
was compared using group by session ANOVAs with repeated
measures on session. Transfer to untrained tasks between the
pre- and posttest was examined using group by test ANOVAs
with repeated measures on test. Similar ANOVAs were conducted
on the posttest and retention test to examine retention of
learning. FD thresholds were highly variable across individuals.
To better illustrate performance change over time, in Figure 2,
FD thresholds during training, posttest, and retention were
adjusted to account for individual differences on the pretest.

RESULTS

Tetris But Not Visual Rotation Enhanced
FD Learning
Before training, there was no group difference in FD performance
with either a roving (FD-rove, the training task; ANOVA group
effect: F4,73 = 1.21, p = 0.32) or a fixed (FD-fixed, untrained;
F4,73 = 0.33, p= 0.86) standard frequency. During training, FD-
rove threshold improved (decreased) significantly for all three
FD-rove training groups (Figure 2A; repeated-measure ANOVA,
main effect of session: F5,225 = 80.8, p < 0.001, η2

p = 0.62),
but the improvement differed among groups (group by session
interaction: F10,225 = 2.9, p = 0.002, η2

p = 0.11). Planned
between-group comparisons revealed that the FD+ Tetris group

improved more than the FD only group (group by session
interaction: F5,150 = 2.9, p = 0.002, η2

p = 0.11) and the
FD + Rotation group (F5,155 = 3.91, p = 0.002, η2

p = 0.11),
but the FD + Rotation group did not differ from the FD only
group (F5,150 = 0.27, p = 0.93, η2

p = 0.009). The FD + Rotation
group did improve on the visual mental rotation task, as reaction
time decreased over training sessions (ANOVA, effect of session:
F3,42 = 46.3, p < 0.001, η2

p = 0.77) while accuracy remained
constant through training at a close-to-ceiling level (>90%; effect
of training session: F3,42 = 0.34, p = 0.80). The training results
indicate that silent Tetris play intermixed with auditory training
enhanced FD learning. This training could not be accounted for
by the visual-spatial training involved in game play.

Between the pre- and posttest, performance on the trained,
FD-rove task changed differently among the five groups
(Figure 2B; group by test interaction: F4,73 = 11.6, p < 0.001,
η2

p = 0.39). Planned between-group comparisons revealed that,
while all of the three FD-rove training groups improved more
than untrained controls (group by test interaction, FD + Tetris:
F1,30 = 28.5, p < 0.001, η2

p = 0.49; FD only: F1,30 = 14.3,
p = 0.001, η2

p = 0.32; FD + Rotation: F1,29 = 20.4, p < 0.001,
η2

p = 0.41), the Tetris only group did not (F1,28 = 0.40, p= 0.54).
Further, the FD + Tetris group improved FD-rove more than
the FD only group (F1,30 = 4.41, p = 0.044, η2

p = 0.13) and
the FD + Rotation group (F1,30 = 4.83, p = 0.036, η2

p = 0.14).
The learning-enhancing effect of Tetris play (Figure 2A) must
therefore have resulted from an interaction between game play
and auditory training. All groups improved on the untrained
FD-fixed task (Figure 2B; effect of test: F1,73 = 67.2, p < 0.001,
η2

p = 0.48), but there was no difference between groups (group by
test interaction: F4,73 = 0.92, p = 0.46), indicating that learning
on the FD-fixed task saturated by end of the pretest. As the
two FD tasks were similar in procedure and test environment,
it is unlikely that procedural learning should continue with
FD-rove but not with FD-fixed. Thus, the additional learning
induced by FD training with a roving standard, compared
with untrained controls, should be indicative of perceptual
learning.

Tetris-Enhanced Transfer of FD Learning
to WM
We also tested whether Tetris play influenced transfer of FD
learning to Tone 3-back, an auditory WM task (Figure 1B).
Before training, there was no group difference in Tone 3-
back performance (F4,72 = 2.0, p = 0.10). The five groups
changed differently from the pretest to the posttest (Figure 2C;
F4,70 = 4.2, p = 0.004, η2

p = 0.19). Planned group comparisons
showed that the Tetris only group did not differ from the
Control group (F1,27 = 0.002, p = 0.96). Neither did the FD
only group (F1,30 = 2.92, p = 0.098) or the FD + Rotation
group (F1,28 = 0.60, p = 0.45). The FD + Tetris group,
however, improved significantly more than the Control group
(F1,30 = 9.37, p = 0.005, η2

p = 0.24). Moreover, the FD + Tetris
group improved WM more than the FD only group (F1,30 = 4.29,
p= 0.047, η2

p = 0.13) and the FD+ Rotation group (F1,28 = 6.44,
p = 0.017, η2

p = 0.19). Thus, intermixing Tetris play with FD
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FIGURE 2 | Effect of Tetris play on learning, transfer, and retention of auditory discrimination training. (A) Learning during training. FD thresholds on training and
posttest sessions were adjusted to account for variation in the pretest score. (B) Improvement from the pretest to the posttest for FD with a roving (FD-rove, trained)
and a fixed (FD-fixed, untrained) standard. (C) WM improvement, presented as increase in d’ from the pretest to the posttest. (D) Retention of FD-rove improvement
2–4 weeks after the posttest. (E) Retention of WM improvement. Error bars in all panels represent SEMs.

training promoted transfer to WM. Similar to the learning-
enhancing effect, this effect was also unaccounted for by Tetris
play alone or visual rotation training.

Tetris Effects Were Retained
Most of the participants (n = 71; 13–15 per group) returned
2–4 weeks after the posttest for a ‘retention’ test. There was no
significant difference between the posttest and retention test for
the trained FD-rove task (Figure 2D; repeated measure ANOVA,
main effect of test: F1,65 = 0.91, p = 0.34, η2

p = 0.014; test by
group interaction: F4,65 = 0.83, p = 0.51, η2

p = 0.048) or the
untrained FD-fixed task (data not shown; main effect of test:
F1,65 = 2.09, p = 0.15, η2

p = 0.031; test by group interaction:
F4,65 = 0.56, p = 0.69, η2

p = 0.033). Improvement in WM
sensitivity was also retained (Figure 2E; main effect of test:
F1,59 = 0.02, p = 0.89, η2

p < 0.001; test by group interaction:
F4,59 = 0.14, p = 0.97, η2

p = 0.010). Planned between-group
comparisons revealed that the advantage of the FD + Tetris
group over the FD only group was retained for the trained
FD-rove task (main effect of group: F1,24 = 4.56, p = 0.043,
η2

p = 0.16) and WM (F1,19 = 4.56, p = 0.046, η2
p = 0.19),

but without further learning (main effect of test, FD-rove:
F1,65 = 0.91, p = 0.34, η2

p = 0.014; WM: F1,59 = 0.020, p = 0.89,
η2

p < 0.001).

DISCUSSION

The results demonstrate that game play enhances perceptual
learning of contiguous auditory experiences. Confirming and
extending our previous report of auditory benefits of Tetris play
in brief, single-session training (Amitay et al., 2006), we showed
in a multi-session training paradigm that Tetris play in isolation
produced no benefits for an FD-rove task. This indicated that
the previously observed auditory benefits did not result from
improved supra-modal cognitive function. However, Tetris play
did enhance this form of FD learning and its transfer to WM
when mixed with auditory training. The learning enhancement
cannot be attributed to procedural learning or familiarization
with the testing environment, as the pretest session was long
enough to saturate learning on the easier FD-fixed task. Nor
can the enhancement be attributed to the extended training
duration or visual spatial training brought by Tetris play, as the
enhancement was gone when Tetris was replaced by a visual
mental rotation task with similar stimuli.

The supramodal nature of the observed learning enhancement
challenges existing theories of perceptual learning. In training,
mixing two perceptual tasks has been shown to produce transfer
between the tasks both in vision (Zhang et al., 2010) and
in audition (Wright et al., 2010). It was suggested that this
intramodal transfer results from the application of neural
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computation (Zhang et al., 2010) or resources (Wright et al.,
2010) required for learning the target task to sensory inputs of
the non-target task. In both views, the role of the non-target
task is to provide exposure to the stimulus feature to be learned.
However, in the current study, no such sensory stimulation for
auditory learning was provided by Tetris, which was played in
silence. Another example of enhanced learning through a non-
target task is an increase of sensitivity to background stimuli
while performing a foreground task (Watanabe et al., 2001). Seitz
and Watanabe (2005) proposed that diffuse reinforcement signals
produced by a foreground (target) task enhanced processing of
concurrent background (non-target) stimuli. However, the task-
irrelevant learning occurred only when the background stimuli
were subliminal and coincident with the reinforced targets of the
foreground task (Choi and Watanabe, 2009). In the current study,
learning enhancement violated both of these requirements.

The game training literature provides no clue that we can
find to the nature of the supramodal enhancement of auditory
learning and transfer by Tetris play. Though playing action
games improves visual perception and attention, Tetris training
alone does not improve unrelated perceptual or cognitive tasks
(Sims and Mayer, 2002; Green and Bavelier, 2003). Consistently,
in the current study, we found no evidence that playing
Tetris had any auditory benefits beyond the pretest. Indeed,
auditory benefits of game play have only been reported for
games specially designed to emphasize the role of auditory
stimuli (Honda et al., 2007; Whitton et al., 2014). In contrast,
the game-enhanced perceptual and cognitive learning observed
here required no auditory stimuli during game play and must
therefore involve different mechanisms from those induced by
game play alone.

The results indicate that auditory training and transfer was
enhanced by some factors that were provided by Tetris play
but not by the visual-spatial stimulation involved in the game.
One candidate of such learning-enhancing factors is reward
signals. Playing video games, even the arcade-style ones, can
lead to release of reward signals such as dopamine (Koepp
et al., 1998), which promotes synaptic plasticity (Buchanan
et al., 2010; Giessel and Sabatini, 2010) and contributes to
experience-dependent learning (for review, see Harley, 2004;
Glimcher, 2011). Conventional behavioral training, like the
auditory discrimination training examined in the current study,
involves extensive repetition that can be far from rewarding
or motivating. Compared with game play, such training may
be accompanied by a low level of reward signals, making it
sensitive to the learning-boosting effects brought by an increase
of reward signals. For example, coupling auditory stimuli with
electrical stimulation of the dopamine network has been shown to
enable and enhance cortical reorganization in primary as well as
association cortices (Bao et al., 2001). Game play could function
as a behavioral stimulator of the reward system, promoting
learning of contiguous sensory experiences in a similar way as
stimulating the dopamine network enhances reorganization of
cortical responses to accompanied auditory stimuli (Bao et al.,
2001).

Note that the learning-enhancing effect of game play requires
no temporal coupling of the rewarding event (game play)
with the target training (auditory discrimination), unlike the
aforementioned task-irrelevant learning, which occurs only to
the subliminal background stimuli that are synchronous with
the presumably reward-producing target (Watanabe et al., 2001).
As proposed for the task-irrelevant learning, in conventional
training reward signals are considered to play a reinforcing
role, in that their fluctuations in level allowed trial-by-trial
feedback to modulate behavior (Watanabe et al., 2001). In
contrast, by mixing game play with training, we seek to
increase systematically the level of reward signals throughout
training. The reward signals produced by game play may not
be informative in improving performance on the perceptual task
on a trial-by-trial level. Rather, reward signals may purportedly
gate neural plasticity by encoding the ecological significance of
the experiences (Gee and Oertner, 2016). Consistent with the
plasticity modulating role, dopamine activity has been shown
to promote subsequent associative learning (Popescu et al.,
2016) and consolidation of associative memory (Schicknick
et al., 2012) in animals. In humans, orally taken dopamine
precursors, which would increase plasma dopamine level for tens
of minutes to hours, have been reported to enhance motor (Floel
et al., 2005) and word (Knecht et al., 2004) learning. In this
view, the proximity of game play and perceptual training could
enhance the significance, and hence the induced plasticity, of
the training. Consequently, the benefits may not depend on task
or stimulus configuration, making training-while-playing widely
and conveniently applicable in educational and rehabilitative
settings.

ETHICS STATEMENT

This study was carried out in accordance with the
recommendations of the Nottingham University Hospitals
Research Ethics Committee with written informed consent from
all subjects.

AUTHOR CONTRIBUTIONS

Y-XZ and SA conceived and designed the study. Y-XZ performed
the experiments, Y-XZ and D-LT analyzed the data, and prepared
the manuscript with contributions from SA and DM.

ACKNOWLEDGMENTS

The work was funded by the intramural program of the Medical
Research Council, United Kingdom, through a core grant to the
MRC Institute of Hearing Research [grant number U135097130]
and State Key Development Program for Basic Research of China
2014CB846101. Dr. Oliver Zobay provided valuable assistance
with statistical analysis and interpretation.

Frontiers in Psychology | www.frontiersin.org 6 June 2017 | Volume 8 | Article 1086

http://www.frontiersin.org/Psychology/
http://www.frontiersin.org/
http://www.frontiersin.org/Psychology/archive


fpsyg-08-01086 June 27, 2017 Time: 18:23 # 7

Zhang et al. Tetris-Enhanced Auditory Learning

REFERENCES
Amitay, S., Hawkey, D. J., and Moore, D. R. (2005). Auditory frequency

discrimination learning is affected by stimulus variability. Percept. Psychophys.
67, 691–698. doi: 10.3758/BF03193525

Amitay, S., Irwin, A., and Moore, D. R. (2006). Discrimination learning induced
by training with identical stimuli. Nat. Neurosci. 9, 1446–1448. doi: 10.1038/
nn1787

Bao, S., Chan, V. T., and Merzenich, M. M. (2001). Cortical remodelling
induced by activity of ventral tegmental dopamine neurons. Nature 412, 79–83.
doi: 10.1038/35083586

Buchanan, K. A., Petrovic, M. M., Chamberlain, S. E., Marrion, N. V., and Mellor,
J. R. (2010). Facilitation of long-term potentiation by muscarinic M(1) receptors
is mediated by inhibition of SK channels. Neuron 68, 948–963. doi: 10.1016/j.
neuron.2010.11.018

Choi, H., and Watanabe, T. (2009). Selectiveness of the exposure-based perceptual
learning: what to learn and what not to learn. Learn. Percept. 1, 89–98.
doi: 10.1556/LP.1.2009.1.7

Floel, A., Breitenstein, C., Hummel, F., Celnik, P., Gingert, C., Sawaki, L., et al.
(2005). Dopaminergic influences on formation of a motor memory. Ann.
Neurol. 58, 121–130. doi: 10.1002/ana.20536

Gee, C. E., and Oertner, T. G. (2016). Neurobiology: pull out the stops for plasticity.
Nature 529, 164–165. doi: 10.1038/529164a

Giessel, A. J., and Sabatini, B. L. (2010). M1 muscarinic receptors boost synaptic
potentials and calcium influx in dendritic spines by inhibiting postsynaptic SK
channels. Neuron 68, 936–947. doi: 10.1016/j.neuron.2010.09.004

Glimcher, P. W. (2011). Understanding dopamine and reinforcement learning:
the dopamine reward prediction error hypothesis. Proc. Natl. Acad. Sci. U.S.A.
108(Suppl. 3), 15647–15654. doi: 10.1073/pnas.1014269108

Green, C. S., and Bavelier, D. (2003). Action video game modifies visual selective
attention. Nature 423, 534–537. doi: 10.1038/nature01647

Green, C. S., and Bavelier, D. (2012). Learning, attentional control, and action video
games. Curr. Biol. 22, R197–R206. doi: 10.1016/j.cub.2012.02.012

Harley, C. W. (2004). Norepinephrine and dopamine as learning signals. Neural
Plast. 11, 191–204. doi: 10.1155/NP.2004.191

Hawkey, D. J., Amitay, S., and Moore, D. R. (2004). Early and rapid perceptual
learning. Nat. Neurosci. 7, 1055–1056. doi: 10.1038/nn1315

Honda, A., Shibata, H., Gyoba, J., Saitou, K., Iwaya, Y., and Suzuki, Y. (2007).
Transfer effects on sound localization performances from playing a virtual
three-dimensional auditory game. Appl. Acoust. 68, 885–896. doi: 10.1016/j.
apacoust.2006.08.007

Knecht, S., Breitenstein, C., Bushuven, S., Wailke, S., Kamping, S., Floel, A., et al.
(2004). Levodopa: faster and better word learning in normal humans. Ann.
Neurol. 56, 20–26. doi: 10.1002/ana.20125

Koepp, M. J., Gunn, R. N., Lawrence, A. D., Cunningham, V. J., Dagher, A.,
Jones, T., et al. (1998). Evidence for striatal dopamine release during a video
game. Nature 393, 266–268. doi: 10.1038/30498

Levi, D. M., and Li, R. W. (2009). Perceptual learning as a potential treatment for
amblyopia: a mini-review. Vision Res. 49, 2535–2549. doi: 10.1016/j.visres.2009.
02.010

Levitt, H. (1971). Transformed up-down methods in psychoacoustics. J. Acoust.
Soc. Am. 49(Suppl. 2), 467. doi: 10.1121/1.1912375

Mahncke, H. W., Connor, B. B., Appelman, J., Ahsanuddin, O. N., Hardy, J. L.,
Wood, R. A., et al. (2006). Memory enhancement in healthy older adults using
a brain plasticity-based training program: a randomized, controlled study. Proc.
Natl. Acad. Sci. U.S.A. 103, 12523–12528. doi: 10.1073/pnas.0605194103

Maurer, D., and Hensch, T. K. (2012). Amblyopia: background to the special issue
on stroke recovery. Dev. Psychobiol. 54, 224–238. doi: 10.1002/dev.21022

Merzenich, M. M., Jenkins, W. M., Johnston, P., Schreiner, C., Miller, S. L., and
Tallal, P. (1996). Temporal processing deficits of language-learning impaired

children ameliorated by training. Science 271, 77–81. doi: 10.1126/science.271.
5245.77

Moore, B. C. J. (2003). An Introduction to the Psychology of Hearing. San Diego,
CA: Academic Press.

Ortiz, J. A., and Wright, B. A. (2009). Contributions of procedure and stimulus
learning to early, rapid perceptual improvements. J. Exp. Psychol. Hum. Percept.
Perform. 35, 188–194. doi: 10.1037/a0013161

Popescu, A. T., Zhou, M. R., and Poo, M. M. (2016). Phasic dopamine release in the
medial prefrontal cortex enhances stimulus discrimination. Proc. Natl. Acad.
Sci. U.S.A. 113, E3169–E3176. doi: 10.1073/pnas.1606098113

Schicknick, H., Reichenbach, N., Smalla, K. H., Scheich, H., Gundelfinger, E. D.,
and Tischmeyer, W. (2012). Dopamine modulates memory consolidation of
discrimination learning in the auditory cortex. Eur. J. Neurosci. 35, 763–774.
doi: 10.1111/j.1460-9568.2012.07994.x

Seitz, A., and Watanabe, T. (2005). A unified model for perceptual learning. Trends.
Cogn. Sci. 9, 329–334. doi: 10.1016/j.tics.2005.05.010

Sims, V. K., and Mayer, R. E. (2002). Domain specificity of spatial expertise: the case
of video game players. Appl. Cogn. Psychol. 16, 97–115. doi: 10.1002/acp.759

Szpiro, S. F., Wright, B. A., and Carrasco, M. (2014). Learning one task by
interleaving practice with another task. Vision Res. 101, 118–124. doi: 10.1016/
j.visres.2014.06.004

Takeuchi, H., Sekiguchi, A., Taki, Y., Yokoyama, S., Yomogida, Y., Komuro, N.,
et al. (2010). Training of working memory impacts structural connectivity.
J. Neurosci. 30, 3297–3303. doi: 10.1523/JNEUROSCI.4611-09.2010

Taub, E. (2012). Parallels between use of constraint-induced movement therapy to
treat neurological motor disorders and amblyopia training. Dev. Psychobiol. 54,
274–292. doi: 10.1002/dev.20514

Watanabe, T., Nanez, J. E., and Sasaki, Y. (2001). Perceptual learning without
perception. Nature 413, 844–848. doi: 10.1038/35101601

Whitton, J. P., Hancock, K. E., and Polley, D. B. (2014). Immersive audiomotor
game play enhances neural and perceptual salience of weak signals in noise.
Proc. Natl. Acad. Sci. U.S.A. 111, E2606–E2615. doi: 10.1073/pnas.1322184111

Wise, K., Kobayashi, K., and Searchfield, G. D. (2015). Feasibility study of a game
integrating assessment and therapy of tinnitus. J. Neurosci. Methods 249, 1–7.
doi: 10.1016/j.jneumeth.2015.04.002

Wright, B. A., Sabin, A. T., Zhang, Y., Marrone, N., and Fitzgerald, M. B. (2010).
Enhancing perceptual learning by combining practice with periods of additional
sensory stimulation. J. Neurosci. 30, 12868–12877. doi: 10.1523/JNEUROSCI.
0487-10.2010

Zhang, J. Y., Zhang, G. L., Xiao, L. Q., Klein, S. A., Levi, D. M., and Yu, C. (2010).
Rule-based learning explains visual perceptual learning and its specificity and
transfer. J. Neurosci. 30, 12323–12328. doi: 10.1523/JNEUROSCI.0704-10.2010

Zhang, Y. X., Moore, D. R., Guiraud, J., Molloy, K., Yan, T. T., and Amitay, S.
(2016). Auditory discrimination learning: role of working memory. PLoS ONE
11:e0147320. doi: 10.1371/journal.pone.0147320

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

The reviewer SA and handling Editor declared their shared affiliation, and the
handling Editor states that the process nevertheless met the standards of a fair and
objective review.

Copyright © 2017 Zhang, Tang, Moore and Amitay. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Psychology | www.frontiersin.org 7 June 2017 | Volume 8 | Article 1086

https://doi.org/10.3758/BF03193525
https://doi.org/10.1038/nn1787
https://doi.org/10.1038/nn1787
https://doi.org/10.1038/35083586
https://doi.org/10.1016/j.neuron.2010.11.018
https://doi.org/10.1016/j.neuron.2010.11.018
https://doi.org/10.1556/LP.1.2009.1.7
https://doi.org/10.1002/ana.20536
https://doi.org/10.1038/529164a
https://doi.org/10.1016/j.neuron.2010.09.004
https://doi.org/10.1073/pnas.1014269108
https://doi.org/10.1038/nature01647
https://doi.org/10.1016/j.cub.2012.02.012
https://doi.org/10.1155/NP.2004.191
https://doi.org/10.1038/nn1315
https://doi.org/10.1016/j.apacoust.2006.08.007
https://doi.org/10.1016/j.apacoust.2006.08.007
https://doi.org/10.1002/ana.20125
https://doi.org/10.1038/30498
https://doi.org/10.1016/j.visres.2009.02.010
https://doi.org/10.1016/j.visres.2009.02.010
https://doi.org/10.1121/1.1912375
https://doi.org/10.1073/pnas.0605194103
https://doi.org/10.1002/dev.21022
https://doi.org/10.1126/science.271.5245.77
https://doi.org/10.1126/science.271.5245.77
https://doi.org/10.1037/a0013161
https://doi.org/10.1073/pnas.1606098113
https://doi.org/10.1111/j.1460-9568.2012.07994.x
https://doi.org/10.1016/j.tics.2005.05.010
https://doi.org/10.1002/acp.759
https://doi.org/10.1016/j.visres.2014.06.004
https://doi.org/10.1016/j.visres.2014.06.004
https://doi.org/10.1523/JNEUROSCI.4611-09.2010
https://doi.org/10.1002/dev.20514
https://doi.org/10.1038/35101601
https://doi.org/10.1073/pnas.1322184111
https://doi.org/10.1016/j.jneumeth.2015.04.002
https://doi.org/10.1523/JNEUROSCI.0487-10.2010
https://doi.org/10.1523/JNEUROSCI.0487-10.2010
https://doi.org/10.1523/JNEUROSCI.0704-10.2010
https://doi.org/10.1371/journal.pone.0147320
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Psychology/
http://www.frontiersin.org/
http://www.frontiersin.org/Psychology/archive

	Supramodal Enhancement of Auditory Perceptual and Cognitive Learning by Video Game Playing
	Introduction
	Materials And Methods
	Participants
	Experimental Design
	Task and Stimuli
	Frequency Discrimination (FD) Tasks
	Working Memory (Tone 3-Back) Task
	Visual Mental Rotation Task

	Statistical Analyses

	Results
	Tetris But Not Visual Rotation Enhanced FD Learning
	Tetris-Enhanced Transfer of FD Learning to WM
	Tetris Effects Were Retained

	Discussion
	Ethics Statement
	Author Contributions
	Acknowledgments
	References


