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Abstract
Individuals substantially improve with training, indicating that a large degree of plasticity
is retained across ages. In the past 20 years, many studies explored the ability to boost
cognitive skills (reasoning, linguistic abilities, working memory, and attention) by training
with other tasks that exploit limited cognitive resources. Indeed, individuals with long-term
training on challenging skills (musicians and action video gamers) show impressive behavior on related tasks (linguistic and visual attention, respectively). However, a critical evaluation of training studies that last weeks to months shows typically mild effects, mainly
with respect to control groups that either did not practice or practiced with less challenging,
rewarding, or exciting conditions. These findings suggest that future training studies should
evaluate these factors carefully and assess whether they mainly impact the testing sessions
or actual longer-term skills, and whether their impact can be further strengthened. The lack
of a comprehensive theory of learning that integrates cognitive, motivational, and alertness
aspects poses a bottleneck to improving current training procedures.
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The potential promise in adult training is exciting. Yet, in spite of impressive evidence for behavioral improvement and for neural plasticity, our understanding of
the underlying mechanisms and of the relations between training procedures and
their outcomes is extremely limited. Particularly challenging is the extent of transfer
from trained to untrained tasks and contexts. Most theories of perceptual learning
(e.g., Dosher and Lu, 2007; Seitz and Watanabe, 2005) address specific experimental
contexts and hence do not have comprehensive predictions regarding tasks or procedures that are expected to increase generalization. An exception is Reverse hierarchy theory (RHT; though see also a recent version of a theory by Dosher et al.,
2013) that addresses the relations between training procedures and their expected
outcomes (Ahissar and Hochstein, 2004; Ahissar et al., 2009; Hochstein and
Ahissar, 2002). However, RHT’s predictions are also quite limited, since it assumes
a comprehensive understanding of the nature of hierarchical representations of stimuli, which we still largely lack (Ahissar, 2001). Additionally, it does not integrate
motivational, alertness, and related factors, whose impact is probably substantial
and perhaps also interacts with the training procedure.
Understanding these general factors, which relate to the state of the participant
while performing the task, is important for the formation of a systematic conceptualization of the anticipated gains. These factors include time of day (May and Hasher,
1998), general emotional state (Isen, 2008), motivation and alertness (Boot et al.,
2013; Duckworth et al., 2011; Langer et al., 2010), training duration (Censor
et al., 2006), limits on response duration (Green et al., 2010), and intervals between
training sessions and sleep (Censor et al., 2006; Karni et al., 1994; Korman et al.,
2007; Stickgold, 2005; Stickgold et al., 2000). The effect of these parameters may
be larger than that of the systematically studied parameters, as we shall show in this
chapter.
Given our limited theoretical understanding of the comprehensive learning
experience, the aim of this chapter is to define operative guidelines for evaluating
the success of past and future training studies, with respect to their goals. Based
on our review, we propose further directions for future studies. An important
distinction, which was typically ignored in previous studies, is the difference between clinical and theoretical goals. Typically, the design of a given study cannot
optimize both. For example, if a procedure improves the performance of a population on a poorly performed range of tasks, it may be a successful rehabilitation
procedure even if the mechanisms are not understood, and their control was very
crude. However, well-controlled studies that yield a very small improvement compared with careful controls may have a theoretical impact but perhaps no
immediate application. The two goals are closely related in longer-term development, where improving training procedures would gain immensely if their
underlying mechanisms would be understood. Defining priorities when designing
the studies would facilitate our understanding and hence our long-term ability to
improve training protocols.
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1 WHAT IS A GOOD CONTROL?
Finding the cause of a training-induced difference between groups is
almost impossible, since training protocols differ in more than one
parameter
1.1 Single-Arm Studies
The main drawback of having only one training group with no control and simply
comparing pre- and post-training performance (e.g., Banai and Ahissar, 2010;
Gibson et al., 2011; Holmes et al., 2010; Kronenberger et al., 2011; McArthur,
2007; McNab and Klingberg, 2007; Mezzacappa and Buckner, 2010) is that significant differences may reflect the improvement due to prior experience in the pretest
itself. Individuals who perform a task for a second time, typically (e.g., Cane and
Heim, 1950; Windle, 1954, for a review of the experimental implications see
Campbell et al., 1963), though not ubiquitously (e.g., Lemay et al., 2004), perform
better, particularly when retested with the very same items. An improvement may be
found even when participants are unaware of this repetition, as reported already by
Kolers (1976), where participants trained on reading inverted script were faster reading the pages they were trained with compared with novel pages, even when tested
more than a year after being trained. Indeed, the scores in standard tests may improve
in a retest even if the interval between tests is large (Matarazzo et al., 1980). Still, if
test–retest effects for the tested interval are normed and improvement in the trained
group is clearly larger than these norms, a comparison group is not crucial for attributing some benefit to the training procedure itself.

1.2 Within-Group Control
Another alternative for a control group is a within-group control. This is the prevailing concept in perceptual learning studies. In these studies, one group is trained with
a given set of parameters and tested with a different set of parameters that are presumably as difficult as the trained ones (e.g., Ahissar and Hochstein, 1993, 1997;
Cohen et al., 2013; Dosher and Lu, 1998, 1999; Karni and Sagi, 1991; Lu et al.,
2000; Polat and Sagi, 1994; Polat et al., 2004; Tsushima et al., 2008; Watanabe
et al., 2002). If performance is worse in the untrained conditions, then learning is
shown to be specific along the tested dimension. However if performance transfers
to novel conditions, one cannot delineate the limits of learning. Therefore, this approach was used in studies aimed at showing specificity and was not adopted in studies aimed to show generalization. However, if learning leads to a complex pattern of
specificities and transfer, then rehabilitation studies could also use within-group
comparisons, testing a well-designed series of tasks. For example, evaluation of generalization of training with a specific working memory task to generally enhanced
working memory skills can be obtained by testing (post-training) the trained working
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memory task with completely novel stimuli, and by administering novel working
memory tasks. If there is improvement in the untrained task (i.e., scores are similar
to those attained on the trained one), the sources of this transfer would indeed be hard
to tap. Yet, most learning is quite specific to the combination of trained task and stimuli (e.g., Ahissar and Hochstein, 1993). Thus, the transfer to novel stimuli, with
which participants were not previously tested but whose relative difficulty is
expected to be similar to that of trained ones, is likely to be informative. See for example, a recent use of control tasks within the experimental paradigm in Anguera
et al. (2013), which would provide a systematic characterization of the learning process. Very few training studies (e.g., Klingberg et al., 2002, 2005; Olesen et al., 2003;
Schmiedek et al., 2010) used this within-group control for showing that transfer at least
encompassed very different stimuli or even very closely related tasks. Even when such a
test battery was used, it mainly served as a collection from which significantly improved
tasks could be pulled out rather than as a systematic characterization of the pattern of
specificity and generalization that the training induced.
In the typical case, particularly when participants’ performance in other tasks is not
systematically characterized and there are no suitable test–retest norms, a control test–
retest group should be added, in order to verify that the training process contributed to the
post-training improvement. If there is indeed a significant difference between the trained
and untrained groups, it means that some training-related improvement occurred, but we
cannot tell what this improvement should be attributed to, as the differences between
groups’ procedures encompass many aspects. Still, if the gains of the trained group
are large and much larger than those of a “no-contact” control, it means that this procedure is useful for applied purposes, even though the intergroup difference may be due to a
very general aspect of practice (e.g., “positive psychology”; see Yang et al., 2013; for a
review, see Isen, 2008). An important aspect, which is difficult to determine, is whether
the potentially general effects underlying group differences reflect a difference in learning or merely a difference in performance during the testing session itself (for a critical
discussion of these issues, see Boot et al., 2011; Duckworth et al., 2011; Shipstead et al.,
2012). Since the dissociation between short- and long-term effects of general factors is
difficult to determine, one should perhaps equate within-testing factors of “positive psychology” for the two groups. In general, the main limit of having a no-contact control is
that we cannot tell how to improve the training procedure. However, if the intergroup
effects are large, namely, the protocol as a whole was effective, a useful continuation
could be to determine the mechanisms that underlie the intergroup difference. For
example, it would be useful to know whether this improvement could have been obtained
without any training at all, for example, by encouraging the tested participants. Indeed,
a recent meta-analysis found that studies with greater incentive yield significantly
(0.6 standard deviations) larger scores in intelligence tests, previously considered
to robustly reflect individual cognitive abilities (Duckworth et al., 2011).

1.3 Active Control Group
A more informative control group is a group that actually goes through some alternative
training procedure, termed “active control” (e.g., Colom et al., 2010; Dahlin, 2011;
Holmes et al., 2009; Jaeggi et al., 2011; Klingberg et al., 2002, 2005; Richmond et al.,
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2011; Shavelson et al., 2008; Thorell et al., 2009; Van der Molen et al., 2010; Zhao et al.,
2011; for a review see Shipstead et al., 2012). But what should an active control group
train with? In the case of working memory training, a common solution is an active control group that is trained with an easy, fixed-stimuli task, whereas the test group is trained
with an adaptive, challenging working memory task. However, when post-training performance differs between the trained groups (e.g., Jaeggi et al., 2008; Klingberg et al.,
2002, 2005), it is not clear what such improvement should be attributed to. Does it stem
from training a working memory task? Would one get similar gains if paid for successful
performance instead of training? Would one get similar gains in any challenging task?
Perhaps the participants trained with a nonadaptive procedure perform worse because
they are bored and have lost interest. In this type of control, the potentially crucial role
of motivation, excitement, and challenges that differ between the two training protocols
is overlooked when inter group differences in the outcomes are specifically attributed
to training with a working memory task. Again, one should note that here too, group
differences in the testing session may be related to the different levels of anticipation
(how well do we expect to perform) of the two tested groups. Such differences may
affect performance, even in perceptual tasks. For example, by affecting the “mind
setting” of tested individuals, so that they expect to perform better, participants actually
perform better, even in visual acuity tasks, considered a robust measure of the visual system (Langer et al., 2010).

1.4 Active Control Equated for Difficulty
An active control whose training procedure is aimed at equating the levels of challenge and engagement (and perhaps anticipation for success) of the trained groups
was administered in a novel study of working memory training (Redick et al.,
2013). In this case, the control group was trained with a different task (visual search),
with no working memory component and with different stimuli. However, the
trained task was challenging and engaging. Under these conditions, there was no
group difference in post-training working memory or intelligence scores, suggesting
that working memory was not the important factor in training. Interestingly, the posttraining scores of the actively trained groups did not differ from a third, no-contact
control group. Namely, in this study, there was no general effect either. Given that in
this group, participants did not expect to benefit from the training procedure (based
on this groups’ previous criticism of the benefit of these training studies; Shipstead
et al., 2012), this null result implies the potential impact of the researchers’ and hence
participants’ anticipations. This aspect is difficult to avoid, and it underlies the reasoning of double-blind procedures. Yet, double-blind procedures do not apply when
different behavioral procedures are administered. Given that “mind setting” and
“positive psychology” (Yang et al., 2013) were shown to affect performance on
the tasks that most procedures aim to improve, it is of importance that at least the
experimenter who performs the tests will not be aware of the training procedure
assigned to the specific participant.
Finally, from a clinical perspective, when a new rehabilitation-aimed training
procedure is proposed, the most informative control is the standard of care or the best
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current treatment or training procedure. For example, if there is a protocol known to
have some benefit (e.g., phonological training for reading disability), an assessment
of a novel procedure should be conducted with respect to this protocol. This type of
comparison had been conducted only to a limited degree (e.g., when training for language impairments; e.g., see Hook et al., 2001). However, from a purely scientific
perspective, taking an existing procedure may be informative only to a limited extent
since different training procedures typically differ on how they are technically administered (e.g., groups vs. one on one and in person vs. computer games) and in
the amount of challenge and excitement they pose (e.g., video games vs. sentence
repetition; for a review and discussion of social conditioning effects in the context
of video games, see Boot et al. (2011)). These parameters may have a larger impact
on the training gains compared with those that uniquely characterize the hypothesis
underlying the novel protocol, and therefore, differences in the impact of two different procedures do not necessarily stem from a difference in the validity of their
underlying hypotheses.

2 INTERPRETING CORRELATIONS IN GAINS
Performance gains in initially correlated tasks are expected to be
correlated even with no transfer
The typical motivation of training studies aimed at boosting cognitive skills is to show
that an improvement in one task (the trained task) results in an improvement in the
other (the “transfer” task). In this context, it seems natural to examine whether the gain
in the trained task (performance in the posttest minus the performance in the pretest) is
correlated with the gain in the transfer task/s and interpret such a correlation as reflecting a transfer effect. Indeed, several studies used such a correlation as evidence supporting transfer between tasks (e.g., Anguera et al., 2013; Banai and Ahissar, 2009;
Chein and Morrison, 2010; Green and Bavelier, 2003; Jaeggi et al., 2011;
Schmiedek et al., 2010). However, a significant correlation between gains in the
trained and untrained tasks can be obtained without any transfer. For example, if
pre-training scores are initially positively correlated, but the post-training scores are
completely independent from pre-training scores and also uncorrelated, then a simple
calculation (based on the mathematical fact that the pre-training correlation contributes
to the overall correlation in gains) shows that gains are positively correlated,
even when scores in the pre- and post-training sessions were independent (i.e. in a
simulation—chosen from independent Gaussian distributions of pre- and post-training
scores). Therefore, correlations in “gains” (differences between pre- and post-training
performance) per se cannot be used as evidence for transfer.
When two tasks are initially correlated and only one task is trained so that its
performance is consequently improved, we expect that individuals who improve
to a greater extent on the trained task will be individuals with lower pre-training
scores and higher post-training scores on the trained task (selection bias). Due to
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the pre-training correlation between the trained and untrained tasks, these individuals
will tend to have lower pre-training scores also in the untrained task. If following
training, performance is similar for the selected (higher training gain) and unselected
(lower training gain) individuals then the calculated gain of the selected individuals
will be larger due to this selection bias even when there is no transfer. Such a bias can
account for the transfer, that is, correlation in gains, reported in Jaeggi et al. (2011).
Jaeggi et al. (2011) trained two groups of third graders, one (N=32) on general
knowledge and vocabulary (“active control”) and the other (N=32) on a spatial working memory task. This initial study had null results. Namely, the two groups did not
differ in their general intelligence scores, either before or after training, suggesting
no transfer. However, rather than acknowledging null results, Jaeggi et al. (2011)
divided the group trained on the working memory task into two subgroups (median
split), with high and low gains in working memory, respectively. They found that the
subgroup that had larger working memory gains also had larger intelligence gains.
The main basis for the “transfer” claim is that individuals who had larger gains in the
trained task had larger “gains” in the transfer tasks (e.g., standard tasks for measuring
intelligence). Yet the group of individuals who had larger gains in the trained task did
not have higher post-training scores in the untrained intelligence tasks. In this study,
the reported correlation could be fully accounted for quantitatively without assuming
any transfer of learning, that is, solely on the basis of biased statistics (see for details
Jacoby and Ahissar, submitted).
The same concept of correlation in gains as supporting evidence for transfer is
used in many other training studies. For example, Chein and Morrison (2010)
claimed “a strong and statistically significant relationship between enhancement
of trained participants’ spatial complex working memory span and their improvement in reading comprehension [r=.49, p<0.005].” Similarly, in an attempt to support a transfer effect between working memory and fluid intelligence in children with
ADHD, Klingberg et al. (2002) claimed that “the association between the reasoning
task and the working memory tasks is further substantiated by the significant correlation between improvement on the visuo-spatial working memory task and improvement on Raven’s progressive matrices” (p. 789). Schmiedek et al. (2010)
reported a significant correlation between latent trained factors of episodic memory
and untrained ones and used it as supportive evidence for transfer effect. Banai and
Ahissar (2009) observed a marginally significant correlation between improvement
in a perceptual task (two-tone discrimination) and working memory (Spearman rho
0.59, p¼0.07) and interpreted it as “support (for) the suggestion that the improvement in working memory scores is specifically related to the 2-tone discrimination
training.” Green and Bavelier (2003) used the correlation between improvements in
game scores and improvements in attentional skills as support for a transfer claim.
Most recently, Anguera et al. (2013) trained elderly individuals with a dual-task condition of an action video game and used the correlation between improvement in this
trained condition (“multitasking”) and working memory gains to support the claim of
transfer from training multitasking in action video games to enhanced working memory capacity (see Anguera et al., 2013 figure 3d on page 99).
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In summary, the intuitive interpretation of correlation in gains is misleading and
statically erroneous. In order to show transfer when studies choose to train one task
chosen from a set of correlated tasks, studies should do one of the following analyses
suggested below.
The first is to show that the experimental group had larger gains, namely, a significant interaction on a repeated-measure ANOVA (with session as within subject
factor and group as between subject factor) using F-statistics. We emphasize that division to groups should not be based on post hoc criteria. This procedure asserts that a
real and significant effect occurred and that the training group improved more than
the control group. If this effect is large, it also has a significant practical value. Some
papers used a non repeated t-test for comparing the gain scores (post minus pre) between groups. This is in fact the same procedure, as the t-score here is the square root
of the F-test score of the repeated-measure ANOVA group  session interaction
(Knapp and Schafer, 2009). An example for significant interaction using ANOVA
can be found in Anguera et al. (2013). Note, however, that their results are only significant when both the no-contact and active control groups were used in order to
compute the interaction.
Another similar approach is to use analysis of covariance, with posttest as
dependent variable and pretest as covariate. This method uses the same data as
the first method, and in fact, it is possible to transform the test score of one into
that of the other (Knapp and Schafer, 2009). Even though these two methods
are not identical, as it is possible that only one of the tests would be significant
(Lord, 1967), in most practical scenarios, they are expected to produce comparable
results. For example, Anguera et al. (2013) used both methods and obtained very
similar results.
The third alternative is to account for the bias that the correlation structure implies when computing the gains’ correlations. Namely, show that the obtained effect
is larger than that expected due to the biases that are induced by the implicit correlations (see Jacoby and Ahissar, submitted). In any event, studies should supply the
full correlation matrix (which should include all relevant pretests and postests) to
enable an evaluation of the dependencies before and after the training process. This
matrix is typically not provided.

3 WHAT DO STUDIES OF “NEURAL CORRELATES” TELL US?
For clinical purposes, behavioral changes are the only ones
that validate success
Recent advances in imaging brought many novelties to brain research. In principle,
imaging studies can be informative with respect to the nature of neural modifications
that underlie behavioral improvement and as such provide important insights.
However, not all imaging studies provide insights regarding the mechanisms underlying behavioral improvement, even though almost all studies are interpreted as if
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they do. Moreover, changes in brain responses are often interpreted as reflecting
“real” changes compared with behavior-only experiments, even when behavioral
modifications are the real goal of the study.
Many studies assessing the neural correlates of behavioral improvement only
show that known brain correlates of performance indeed change when performance
changes. For example, several studies (e.g., Anguera et al., 2013; François et al.,
2012; Moreno et al., 2009) showed that when behavior improves following training,
ERP components, known to correlate with performance and measured while participants perform the task, are increased. A recent example is Anguera et al. (2013) who
trained older adults with a lab-version dual-task condition of an action video game.
They showed that age-related EEG activity (midline–frontal theta power and frontal–
posterior theta coherence) was increased after training. However, the EEG was measured on a task that is almost identical to the trained task. They did not show this
enhanced EEG activity on a different multitasking activity. For the purpose of rehabilitation, the important aspect is the ability to improve age-related neural mechanisms in general. However, in the Anguera et al. study, the other condition that
was used for measuring multitasking—a novel dual-task paradigm—was not significantly improved in the group trained with the dual-task compared with controls
trained with one task at a time.
Another example that demonstrates this issue is the study by François et al.
(2012), who characterized the effects of music training in children that practiced music for 2 years starting from the age of 8 years old. They showed significant changes
in performance in speech segmentation compared with a control group that practiced
painting. Following training, they also showed increased activation of frontal electrodes at 450–550 ms post-stimulus onset, when performing this task. In their previous work, Francois and Schön (2011) associated this component with N400-like
component, known to be correlated with linguistic skills (Elger et al., 1997). Thus,
the observation that improved behavior is coupled with an increase in the expected
ERP component is reassuring, but does not point to any specific underlying mechanism. Such observations would be more revealing regarding underlying mechanisms
if there were several known ways to attain better performance, accompanied by
different brain correlates, or if the same known brain correlate were shown to
increase in untrained conditions.
A different type of overinterpretation of imaging and ERP studies stems from
their greater susceptibility to posterior statistics and hence to spurious significant
effects, because they typically involve many more measures (voxel clusters, voxel
combinations, ERP electrodes, or electrode combinations) compared with behavioral
studies. An extreme example of this case is a recent study by Neville et al. (2013),
who administered a family-based training program designed to improve “brain systems for selective attention” in preschool children of lower socioeconomic status. A
main claim for the success of the program to boost cognitive measures compared
with an active control group was the group-specific change in ERP indices used
for assessing selective attention. Neville et al. used a selective auditory attention
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paradigm and measured ERP with 29 electrodes. This myriad of electrodes allows for
many post hoc selections for analysis. In this study, the choice of electrodes for analyses made the difference. Neville’s group used this ERP index in a series of previous studies. In all these studies (Coch et al., 2005; Sanders et al., 2006; Stevens
et al., 2008, 2009, 2013), they showed that the anterior and medial electrodes convey
this component, and therefore, they discarded posterior electrodes. But in Neville
et al. (2013), the experimental group showed no modifications in anterior electrodes.
Based on previous analyses, this means a null ERP result. However, these participants showed changes in posterior electrodes, and Neville et al. conducted an anterior–posterior ANOVA analysis, in which the experimental group “showed a
significant increase in this response (time, P <0.05) that was largest at posterior
recording sites.”

4 HOW LARGE ARE THE MAGNITUDES OF GAINS
IN UNTRAINED CONDITIONS?
For clinical purposes, training-induced gains should be large with
respect to the amount of time dedicated to training
Assuming that transfer to untrained desired tasks is significant, a further question
is whether the amount of improvement is substantial with respect to the initial impairment or with respect to the amount of time dedicated to the training process.
In the case of improving working memory, the typically reported gains are in the
range reported in studies that do not apply training, but administer positive priming
cues or other incentives. In these studies, it was shown that individuals who had
greater incentives had higher performance than those with reduced incentives.
The magnitude of these effects, as evaluated in the meta-analysis by Duckworth
et al. (2011), is about 0.64 standard deviations. For example, Yang et al. (2013) used
a priming paradigm (positive affect) where subjects were given an unexpected gift
consisting of a small bag containing hard candies and then tested on cognitive tasks.
They reported medium to large effects of the positive affect on their subjects’ performance: the effect sizes were 0.58, 1.06, and 1.03 standard deviations for remote
associate, and two different measures of working memory.
In training studies, typical effect sizes are also in the range of 0.5–1 standard
deviations, when positive transfer is reported. For example, Klingberg et al.
(2005) trained 53 children with ADHD, either with an adaptive working memory
program or with a nonadaptive version. They found a small–medium difference between the groups’ gains following training. For example, the size of the transfer
effects (Cohen’s d) for digit span, response time in Stroop paradigm, and Raven’s
task (measuring fluid intelligence) was 0.59, 0.34, and 0.45, respectively. In addition, they measured these tests on a follow-up session. The results showed that
these effects were mostly retained, though slightly decreased (0.57, 0.25, and
0.30 for digit span, Stroop, and Raven’s task, respectively). These effects are within
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the range of social conditioning and positive priming (see Boot et al., 2011). Jaeggi
et al. (2008) trained 70 young students: 35 completed a working memory training
program of 8–19 days and the other participants composed a no-contact control
group. The trained group improved their intelligence scores (Cohen’s d ¼ 0.65)
more than the control group (Cohen’s d ¼ 0.25). Lilienthal (2013) studied 52 students who either trained with an adaptive n-back working memory task or trained
with a nonadaptive task or were only tested with a similar inter-test interval. They
found that participants in the adaptive training group also showed improvement on
a span task, which measures the capacity of the focus of attention. The effect sizes
computed from their reported data was 0.17, 0.06, and 0.86 for the no-contact,
nonadaptive, and adaptive groups, respectively. Other studies that conducted
similar training procedures (e.g., Boot et al., 2008; Owen et al., 2010; Redick
et al., 2013) did not find any transfer and naturally found only a small or very small
effect size (0–0.5).
Other studies trained participants on action video games and measured their
subsequent performance on a range of tasks, often measuring the efficiency of
spatial attention. This training was motivated by the observation that avid players
of action video games, who have thousands of hours of experience, show substantial
advantages compared with nonplayers in a range of tasks of visual attention, particularly those that require fast responses to briefly presented stimuli (Achtman et al.,
2008; Castel et al., 2005; Chisholm et al., 2010; Dye et al., 2009a,b; Green and
Bavelier, 2006a,b, 2007, 2008; Hubert-Wallander et al., 2011; Hubert-Wallander
et al., 2011; Li et al., 2009, 2010, 2011; Mishra et al., 2011). For example, Green
and Bavelier (2006b) trained individuals who do not play action video games on
either an action video game or on a control game (Tetris). They showed that training
facilitates the processing of multiple objects in a multiple-object-tracking task.
The effect sizes (calculated from their figures) were high—d ¼ 1.01 and d ¼ 1.39—
compared with the control d ¼ 0.25 and d ¼ 0.01 for tracking four and six objects,
respectively. Li et al. (2010) trained nonaction video players intensively (50 h over
9 weeks) and found reduced lateral masking with intervals of 60 and 90 ms, with effect
sizes (calculated from their figures) of d ¼ 0.77 and d ¼ 0.80, respectively. There
was almost no effect in the control group, who trained on a nonaction video game
(The Sims 2). The same group (Li et al., 2009) also trained nongamers with action
video games and showed that contrast sensitivity, which is routinely assessed in clinical evaluations of vision, had improved (d ¼ 1.08 for frequency of 6 cycles/deg)
compared with a much smaller improvement (d ¼ 0.17) in a control group that trained
with a nonaction video game (The Sims 2). A recent study (Anguera et al., 2013)
trained elderly individuals on a dual-task condition of a video game (NeuroRacer
game). The effect sizes of delayed-recognition working memory task and test of
variables of attention was 0.98 and 0.89, respectively, compared to the no-contact
group. An additional group trained in a very similar task but did not have a multitasking
component. The effect size compared with this group was medium (0.67 and 0.46 to
the two earlier-mentioned tasks, respectively). However, this effect was obtained for
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two tasks of a larger testing battery. One of the additional tasks was another dual-task
paradigm for which no significant improvement was found in the main group compared with the other groups.
Though these effect sizes are not small, they would probably not be statistically
resilient to corrections for the total number of tasks assessed. Moreover, other groups
who trained participants on similar action video games did not obtain transfer to
other cognitive tasks (e.g., Boot et al., 2008; Lee et al., 2012). These differences
might stem from the use of slightly different experimental (e.g., the duration and
color of the masking stimulus in the functional field of view task) and recruitment
strategies. This suggests that here too, even though control groups also trained with
challenging games, the effects depend on additional components, whose nature
should be further studied. In another study, Boot et al. (2013) measured the expectations of subjects (N ¼ 200) who watched videos of either an action video game or a
control game (Tetris or The Sims). They were then asked if they think that training
for many hours with the video games presented would improve their performance on
a list of other cognitive tasks that were also presented with detailed explanations and
videos. Their results show surprisingly high agreement between subjects’ expectation and the extent of transfer reported in the literature (Green and Bavelier,
2012). These results suggest that indirect effects, such as subject’s expectation,
may be crucial for the replication of training effects.
A somewhat similar case is that of musical education. Most people who study
music do so for pleasure rather than as a means for attaining other skills, just as
is the case for avid players of action video games. Yet, expert musicians were
reported to have enhanced verbal and phonological skills (Anvari et al., 2002;
Besson et al., 2007; Butzlaff, 2000; Forgeard et al., 2008; François et al., 2012;
Moreno et al., 2009) and higher intelligence (Lynn et al., 1989; Schellenberg,
2004, 2006). Although these may reflect a selection bias for people playing music,
an exciting hypothesis is that their musical education contributed to their linguistic
skills (Kraus and Chandrasekaran, 2010) or intelligence (Schellenberg, 2006).
The causal relations between training and enhanced performance were studied in
several longitudinal studies (Costa-Giomi, 1999; Flohr, 1981; Forgeard et al., 2008;
François et al., 2012; Hurwitz et al., 1975; Hyde et al., 2009; Moreno et al., 2009;
Morrongiello and Roes, 1990; Schellenberg, 2004; Thompson et al., 2004). Most
training studies reported significant improvements after medium (few months) to
long (about 2 years) trainings. For example, Schellenberg (2004) reported a small
to medium effect of increased IQ, which was significantly more prominent in
6-year-old children taking music lessons (for children that received keyboard and
voice music lessons, the effect sizes were 0.69 and 0.70, respectively), compared
with control groups that studied drama (d ¼ 0.37) or did not participate in any special
training program (d ¼ 0.40). François et al. (2012) studied the effect of music training
in children that practiced music starting at the age 8 years old. They showed significant improvement in speech segmentation in children practicing music, compared
with a control group that practiced painting; the effect size of the improvement in the
music group compared with the painting was around 1 both for 1 and 2 years of
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training. However, Rickard et al. (2012) reported results with two large studies
(N ¼ 127 and N ¼ 100 children) with school-based music instruction that did not
show a cognitive enhancement. In a correlation study that we conducted (Banai
and Ahissar, 2013) among third-grade children, we found that auditory thresholds
were more correlated with verbal memory among children that were not musically
trained. Among children with about 1 year of musical education, only auditory
thresholds were better than those expected when intelligence was statistically controlled for, whereas higher verbal memory scores could be accounted for by higher
general intelligence scores. Thompson et al. (2004) showed that music keyboard lessons do not enhance performance in identifying emotional content of semantically
neutral speech more than control (drama lessons) even after a year of training. These
mixed results leave the question of the impact of musical education (1–2 years) on
linguistic skills largely open. The effect sizes on tasks that are not closely related to
those directly trained are small. For example, in a meta-analysis of over 30 music
intervention studies by Standley (2008), the average effect size on reading skills
was small (d ¼ 0.32).
In a recent study (Hai, Granot, and Ahissar, submitted), we asked whether adult
musicians (24 years old), who had prolonged and intensive musical training, may
still have language and reading difficulties. We found that there are indeed poor
readers among musicians. Their performance in auditory, sensory, and sensorimotor
(tapping) tasks was as good as that of their musician peers and superior to that of their
nonmusician peers. But their working memory abilities were impaired compared with
their musician peers. Overall, dyslexia seems milder among musicians. Still, these
findings indicate that musical education was not sufficient for enhancing their working
memory skills to an extent that they would no longer pose a bottleneck to reading.
In summary, the evidences from working memory, action video games, and music training are quite similar. Relatively short periods of targeted training do not provide a substantial widespread cognitive enhancement. The magnitude of these effects
is typically in the range of positive priming and enhanced motivation, implying that
the sources underlying the transfer effects should be further studied.

5 CONCLUSIONS AND FUTURE DIRECTIONS
Individuals who practice a given task show substantial improvement. This is a very
consistent observation across tasks and across populations, which provides a clear
indication of adults’ brain plasticity, as further shown in brain changes observed
in imaging studies. However, the extent of generalization to novel tasks is typically
limited, and the means for enhancing generalization are still not understood.
Several studies report mild improvement in general intelligence scores, working
memory, or attentional tasks following training. But the larger and more consistent
effects are those compared with no training (e.g., Anguera et al., 2013; Jaeggi et al.,
2008) or training with less demanding tasks (Jaeggi et al., 2011; Klingberg et al.,
2002, 2005) or perhaps less active ones (e.g., Franceschini et al., 2013; Green and
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Bavelier, 2003, 2008, 2012). This pattern suggests that perhaps, the more important
aspect for generalization resides in participants’ and perhaps experimenters’ emotional state (such as motivation, arousal, and reward) rather than in the specific
choice of cognitive tasks in these studies. An interesting question is whether these
emotional effects interact with cognitive states. In order to examine these intricate
questions systematically, we must add to the relevant test dimensions the emotional
and social aspects (including accurate measures of engagement and challenge) and
systematically evaluate their contribution.
Another important yet unresolved question is that of the target population. Rehabilitation is typically oriented toward individuals with specific impairments, compared
with the general population. But we still do not know whether individuals with specific
deficits are more or less likely to gain from training and whether similar training procedures are likely to be useful to different populations. Here too, we lack a theoretical
account for addressing this question. On the one hand, the dynamic range that may be
relevant for individuals with specific difficulties is perhaps larger. In the general population, it is often the case that individuals who start with poorer performance improve
more than others (e.g., see Duckworth et al., 2011). On the other hand, individuals who
did not gain sufficiently with “ecological” training conditions are perhaps more resilient to practice, as suggested by the phenomenon of dyslexic musicians (Hai, Granot,
and Ahissar, submitted). For example, Oganian and Ahissar (2012) compared auditory
and reading skills of adequate readers and dyslexics with and without musical education. They found that among adequate readers, auditory and reading skills were higher
in individuals with musical training. However, among dyslexics, auditory and reading
skills did not differ between individuals with and without formal musical education.
Taken together, the limited success of training studies in attaining generalization
would perhaps be improved when a broader range of factors will be systematically
considered and when the outcome of these studies will be integrated into a comprehensive theory that will guide the design of future procedures.
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