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Opinion

Cognitive Training Does Not Enhance
General Cognition
Giovanni Sala1,3 and Fernand Gobet2,*
Due to potential theoretical and societal implications, cognitive training has
been one of the most inﬂuential topics in psychology and neuroscience. The
assumption behind cognitive training is that one’s general cognitive ability can
be enhanced by practicing cognitive tasks or intellectually demanding activities. The hundreds of studies published so far have provided mixed ﬁndings
and systematic reviews have reached inconsistent conclusions. To resolve
these discrepancies, we carried out several meta-analytic reviews. The results
are highly consistent across all the reviewed domains: minimal effect on
domain-general cognitive skills. Crucially, the observed between-study variability is accounted for by design quality and statistical artefacts. The cognitivetraining program of research has showed no appreciable beneﬁts, and other
more plausible practices to enhance cognitive performance should be pursued.

Cognitive Training: A Controversy?
General cognitive ability (GCA) (see Glossary), or, more prosaically, intelligence, is a wellestablished scientiﬁc construct in psychology [1,2] (Box 1). GCA is positively associated with a
large number of socially relevant outcomes such as educational and professional achievement
[3,4], income [5], and even longevity [6]. Obviously, intelligent people are a fundamental
resource for society, especially if they can preserve their skills throughout their whole life.
Given the stakes at play, the past two decades have seen an impressive effort towards
designing and implementing cognitive-training programs for enhancing GCA and slowing
down its decline in the elderly. So far, the results have been inconsistent. Researchers are
yet to reach an agreement in what has been called the ‘cognitive-training controversy.’ This
opinion article aims to show that this so-called controversy can be easily resolved through the
appropriate extraction, analysis, and interpretation of the empirical data. The apparently
contradictory results are, in fact, highly consistent in all the reviewed domains; cognitivetraining programs, while they do improve the skills that are being trained, do not enhance GCA
or any of its components.

Theories of Cognitive Training
Substantial research into education and the psychology of expertise has established that skill
acquisition is largely based on perceptual and conceptual domain-speciﬁc knowledge [7,8].
Due to this speciﬁcity, the generalization of such knowledge across different domains, also
called ‘far transfer’, rarely occurs [9]. Moreover, the more specialized the skill, the less the
overlap between skills, and the more difﬁcult the transfer will be [10].
If domain-speciﬁc skills cannot be transferred, how can a speciﬁc activity impact on GCA or any
domain-general cognitive skill? Depending on the type of training, several explanations have
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Highlights
General cognitive ability (GCA) has
been consistently found to correlate
with performance in cognitive tasks
and complex activities such as playing
music, board games, and video
games.
In the past two decades, researchers
have thus extensively investigated the
effects of engaging in cognitive-training programs and intellectually
demanding activities on GCA. The
results have been mixed.
Several independent researchers have
noticed that the between-study
variability can be accounted for by
the quality of the experimental design
and statistical artifacts. Those studies
including large samples and active
control groups often report no
training-related effects.
These ﬁndings show that practicing
cognitive-training programs or intellectually demanding activities do not
enhance GCA or any cognitive skill.
At best, such interventions boost one’s
performance in tasks similar to the
trained task.
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Box 1. The Cattel–Horn–Carroll Model
A well-known ﬁnding in psychology is that all tests of mental ability positively correlate with each other. This fact has led
researchers to propose that all of these tests measure a common factor: GCA. In psychometrics, GCA represents the
portion of the between-individual variance that is common across all tests of cognitive ability [101]. Thus, GCA is a
theoretical construct expressed in the form of a latent factor.
Correlations between cognitive tests are particularly strong when they refer to the same construct (e.g., processing
speed). As a consequence, researchers have developed a hierarchical model, the Cattel–Horn–Carroll (CHC) model,
that includes an intermediate level between GCA and tests of cognitive ability. This level consists of a series of latent
factors referring to broad cognitive constructs (cognitive skills in the main text). The CHC model is thus designed on
three levels (or strata). Stratum I refers to observed variables performance on cognitive tests. Stratum II consists of broad
latent factors (i.e., cognitive skills) derived from cognitive tests (Stratum I) that highly correlate with each other. Finally,
Stratum III (GCA) is the latent factor that subsumes all the common variance across latent factors in Stratum II [102].
Examples of cognitive skills in Stratum II are ﬂuid reasoning (Gf), short-term memory (Gsm), processing speed (Gs),
comprehension knowledge (Gc), and visual processing (Gv). Gf is the capability of solving new problems and adapting to
novel situations. Gsm is the ability to retain and recall information over a short period of time. Gs refers to the ability to
perform elementary cognitive tasks when high intellectual efﬁciency (i.e., speed and accuracy) is needed. Gc reﬂects
language, knowledge and skills acquired through experience. Finally, Gv denotes the ability to generate and manipulate
visual images.
The CHC model does not make any speciﬁc predictions about the possibility of enhancing GCA through training.
Nevertheless, the CHC model can provide a useful theoretical framework to understand the claims about the presumed
beneﬁts of cognitive training. According to cognitive-training theories, engaging in Stratum I activities boosts one or
more cognitive skills (Stratum II) or even GCA (Stratum III). Fostered cognitive skills increase GCA (Stratum III) which, in
turn, exerts a positive inﬂuence on all the measures of Strata II and I. As seen in the main text, this hypothesis has never
received robust empirical support, despite its appeal (e.g., [76]).

been proposed. For example, working memory (WM) training has claimed to boost ﬂuid
intelligence because these two cognitive constructs have a shared capacity constraint [11].
Action video games have been suggested to improve one’s probabilistic inference and, in turn,
visual-attentional skills [12]. Chess and music require a broad range of cognitive skills such as
focused attention, reasoning, and WM. Therefore, practicing these activities might positively
inﬂuence GCA [13]. Finally, brain-training research provides several explanations ranging from
generic appeals to neuroplasticity to more elaborated hypotheses about the effects of sensory
discrimination training on information processing. (A detailed analysis of all these theoretical
models is beyond the scope of this opinion article; for reviews, see [14,15]).
There is a common denominator across these explanations: the idea that the enhancement of
domain-general cognitive mechanisms is a byproduct of domain-speciﬁc training [16]. In line
with the research on skill acquisition and expertise, engaging in cognitive-training programs
improves performance on the trained task and similar tasks. However, these activities are also
believed to boost GCA or, at least some of its fundamental components such as ﬂuid
intelligence, memory, and processing speed (Box 1). Once improved, cognitive skills foster
professional and academic domain-speciﬁc abilities that depend on them. In this program of
research, neural plasticity represents the crucial mediator of this process [17]. Cognitivetraining regimens are thought to produce functional and anatomical changes in the neural
system that, in turn, explain the improvements in cognitive function. In accordance with this
hypothesis, the brain of experts such as professional musicians, chess masters, and assiduous
video-game players exhibits speciﬁc functional and anatomical neural patterns.
In this opinion article, we focus on the empirical evidence regarding the effects of ﬁve types of
cognitive-training programs: WM training, video-game training, music instruction, chess
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Glossary
Cognitive skills: in this context, this
phrase refers to latent factors
produced from cognitive tests that
strongly correlate to each other.
These factors constitute Stratum II of
the
Cattel–Horn–Carroll
model
(Box 1).
Correlational: a correlational study
investigates the (linear) relationship
between two or more variables
(e.g., chess skill and intelligence)
within a particular population (e.g.,
chess players).
Cross-sectional: a cross-sectional
study compares two or more
populations (e.g., chess players and
non-chess players) on one or more
variables (e.g., cognitive skills).
Domain-general: mental abilities
that are used to solve complex tasks
regardless of their content.
Domain-speciﬁc: mental abilities
that are engaged only when material
related to a particular ﬁeld is
involved.
Experimental: true experiments,
that is, studies implementing an
intervention (e.g., music instruction)
aimed to exert an effect on one or
more variables (e.g., academic skills).
Far transfer: the generalization of
acquired skills across domains
loosely related to each other (e.g.,
studying mathematics to improve in
Latin).
General cognitive ability (GCA):
also referred to as intelligence,
Spearman’s g, and general mental
ability, depending on the sources.
This term refers to the latent factor
emerging from all the tests of mental
ability. It represents Stratum III in the
Cattel–Horn–Carroll model (Box 1).
Latent factor: a variable that is
mathematically derived from
observed variables. For example,
scores in a large set of cognitive
tests may be strongly correlated to
each other and thus reﬂect the same
underlying (i.e., latent) cognitive
construct (e.g., GCA). The most
common statistical technique to
estimate latent factors is termed
factor analysis.
Neural plasticity: the capability of
the neural system to adapt to
environmental pressures.
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instruction, and brain training. To date, these are the most studied and debated cognitivetraining programs. We also brieﬂy review other, less researched, cognitive-training programs
such as executive functions training, cognitive ﬂexibility training, mindfulness/meditation training, exergame training, and spatial training. Finally, it must be noted that this article does not
deal with noncognitive interventions aimed at optimizing cognitive function, such as lifestyle
modiﬁcations (e.g., [18]), health and ﬁtness activities (e.g., [19]), and drugs (e.g., [20]).

Correlational and Cross-Sectional Studies
Before reviewing the experimental data, we brieﬂy discuss the evidence based on correlational and cross-sectional designs on playing video games, music, and chess. While such
studies do not allow causal inferences to be drawn, they might be suggestive of a possible link
between cognitive ability and cognitive training.
Researchers strongly disagree on the role played by GCA in video-game skill [15,21–23]. While
many small experiments have found that video-game players outperform nonplayers in a broad
range of cognitive tests (e.g., [24,25]), some large studies have failed to replicate these results
[26]. It is even doubtful whether, within the population of video-game players, video-game skill
correlates with cognitive skills [23].
Our meta-analysis shows that the inconsistency of the results is only apparent [27]. To begin
with, the correlation between video-game skill and cognitive skills is moderated by the way
video-game skill is measured. Many studies use the number of hours per week of video-game
practice as a proxy for video-game skill. However, how much one performs an activity is not
necessarily a good measure of how good one is at this activity [7], and this applies to videogame playing as well. Performance assessed by video-game scores is a more reliable measure.
In fact, our meta-analysis shows that, although no correlation is observed between frequency of
video-game practice and any cognitive skill, there is a moderate correlation between videogame performance and some cognitive skills (e.g., spatial ability) in particular types of video
games (e.g., nonaction). However, there is no overall correlation between video-game skill and
GCA. (For ease of exposition, this article will use ‘near-zero’ to refer to effect sizes larger than
0.05 and less than 0.05, ‘small’ to refer to effect sizes between 0.05 and 0.20, and ‘moderate’
to refer to effect sizes between 0.20 and 0.50.)
Regarding cross-sectional evidence (i.e., players vs. nonplayers), the results are, once again,
highly consistent despite disagreement among researchers. All the large meta-analyses on the
topic concur that video-game players outperform nonplayers in many different cognitive tasks
[27–29]. Where the few discrepancies occur, it is about the size of the difference between
players and nonplayers. Our meta-analysis shows that, once corrected for publication bias
(Box 2), the estimates should be relatively small [27].
With respect to musical skill, cross-sectional and correlational studies have consistently shown
a clear relationship with superior GCA. Musicians often outperform nonmusicians not only in
cognitive tasks related to their domain of expertise (e.g., recall of notes and chord discrimination
[30]), but also in a broad range of domain-general cognitive skills such as memory, ﬂuid
intelligence, and processing speed [31–34]. Thus, it is natural to postulate a possible causal
link between engaging in music and superior GCA.
Finally, studies on chess with a correlational or cross-sectional design provide strong evidence
for a positive relationship between playing chess and cognitive skills. Chess masters consistently show an advantage over novices on recall and detection tasks with domain-speciﬁc
Trends in Cognitive Sciences, Month Year, Vol. xx, No. yy
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Box 2. Meta-Analytic Modelling
Meta-analysis is a set of statistical techniques for integrating research ﬁndings across studies on a particular topic
[103,104]. Its primary objective is to evaluate: (i) whether an effect (e.g., the relationship between two variables) is
statistically signiﬁcant, and (ii) how big and consistent the effect is. To date, meta-analysis is arguably the most effective
tool for resolving disputes in quantitative empirical research.
In its simplest form, meta-analysis is just a mean weighted by sample size. The so-called overall effect size is calculated
by averaging all the effect sizes (e.g., standardized mean differences between groups) extracted from the primary
studies. Effect sizes are weighted on precision (i.e., inverse of the variance), which is primarily (sometimes solely) a
function of sample size. This way, the bigger the sample, the bigger the weight of the effect in the analysis.
Another fundamental information offered by meta-analysis is the degree of true heterogeneity (I2). I2 is a measure of the
between-study variability in the population of the effect sizes that is not due to random error. While a low I2 is good
evidence of the consistency of the effect across the primary studies, a high I2 suggests that the effect is moderated by
some variables (e.g., type of control group). Accounting for true heterogeneity, when it exists, is essential to provide
reliable and interpretable results.
Finally, meta-analysis can estimate the amount of publication bias, that is, the inﬂation of the overall effect size due to the
systematic suppression of statistically nonsigniﬁcant (p > .05) results from a particular literature or study. This problem
has been unanimously recognized as one of the worst threats to credibility in scientiﬁc research [105]. Thus, estimating
an overall effect corrected for publication bias is crucial.
Techniques for detecting publication bias are often based on the degree of asymmetry of the distribution of the effect
sizes around the meta-analytic mean [106], and the relationship between the variance and the size of the effect [107].
Ideally, unbiased overall effects are associated with symmetrically distributed effect sizes that are not directly related to
their variances. Other techniques focus on the distribution of statistically signiﬁcant (p < .05) effect sizes [108] or test the
robustness of the results by postulating a probability for the nonsigniﬁcant effects to be published [109,110]. Technical
details apart, it is worth noting that these methods not only correct for the suppression of smaller-than-average effect
sizes, but, to some extent, also for statistical artefacts due to questionable research practices (e.g., p-hacking).

material [8,35]. In addition, in line with what has been found in music, chess skill predicts
superior domain-general cognitive ability, as revealed by two meta-analyses. The ﬁrst [36]
showed that chess skill, often measured by the Elo rating, positively correlates with a broad
range of measures of cognitive skills. The second [37] found that chess players exhibit overall
superior cognitive skills when compared to non-chess players. Notably, this pattern of results
remains even when the participants’ educational level is controlled for.

Under the Meta-Analytic Lens: Experimental Studies
In true experiments on cognitive training, an experimental group carries out speciﬁc tasks
(e.g., computer games practicing WM) and its performance on pre-tests and post-tests is
compared with that of (ideally) both a passive and an active control group. When participants
are randomly allocated to the groups, this design makes it possible to draw strong inferences
about causality; it is the speciﬁc intervention, and not unspeciﬁc effects such as placebo effects,
that leads to an improvement in post-tests.
The experimental evidence regarding the inﬂuence of cognitive-training programs on cognitive
function has been inconsistent. While some authors have reported data upholding the idea that
such programs enhance cognition, some others have claimed the opposite. To resolve these
discrepancies, independent laboratories have carried out dozens of systematic reviews and,
most importantly, meta-analyses (Box 2). Regrettably (and ironically), these reviews and
meta-analyses have sometimes provided opposite views about the actual effects of cognitive-training programs. In this section, we summarize these ﬁndings and argue that the
observed inconsistencies (when any exist) are mainly due to mistakes in the interpretation
of the results, placebo effects, and systematic biases in the statistical modelling of the data.
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WM Training
WM is the cognitive system used to store and manipulate the information needed to perform
cognitive tasks [38]. WM capacity – the amount of information WM can handle – is correlated
with measures of ﬂuid and general intelligence, cognitive control, and mathematical and reading
abilities [39,40]. Due to its fundamental role in cognitive function, it has been claimed that
increasing WM capacity through training can foster several domain-general cognitive skills and,
hence, GCA. To date, WM training is certainly the most studied and discussed type of
cognitive-training program.
The most inﬂuential and comprehensive meta-analytic review in the ﬁeld [41] is sceptical about
the alleged beneﬁts of WM training. While WM training seems to improve performance on
memory tasks, no appreciable effect is observed in measures of verbal and nonverbal intelligence. The lack of generalized beneﬁts is particularly evident when the treated groups are
compared to active control groups in order to rule out potential placebo effects.
This pattern of results has been replicated in two other meta-analyses examining the effects of
WM training on healthy adults [42] and typically developing children and young adolescents
[43], respectively. Notably, these meta-analyses have found near-zero effects not only on tests
of intelligence, but also on measures of cognitive control and academic skills. Another smaller
meta-analysis has reported similar outcomes in the population of children and adolescents with
learning disabilities [44]. Finally, another meta-analysis [45] has found that transcranial directcurrent stimulation (tDCS) does little to boost the effects of WM training on performance in
measures of GCA or memory.
Other authors show more optimism about the cognitive beneﬁts of WM training, at least with
regard to speciﬁc training regimens and populations. Another meta-analysis reported that
practicing n-back tasks (a particular sub-category of WM tasks) exerts a small, yet signiﬁcant,
effect on ﬂuid intelligence [46]. However, a re-analysis of the original data shows that the training
effects are close to zero in studies including active control groups [47]. (For a detailed
discussion, see [47–49].) The heterogeneity (Box 2) observed in the ﬁeld is thus explained
by the type of control group implemented in the studies. Therefore, there is again no evidence
that the beneﬁts of this particular cognitive-training regimen go beyond placebo effects. Lastly,
the effects of WM training on older adults’ GCA have been the subject of a lively debate [48,50].
A recent large investigation suggests that, once again, the effects of WM memory on older
adults’ cognitive performance are small and limited to memory tasks [51].
Video-Game Training
Since their worldwide diffusion in the 1980s, video games have represented one of the most
popular leisure activities among young and adult populations. Due to their societal relevance,
the impact of playing commercial video games on human behavior is a topic of major interest.
Like other cognitive-training activities, playing video games is cognitively demanding. Puzzle
games such as Tetris require spatial ability and processing speed. Action video games such as
Call of Duty involve quick and accurate visual-attentional processing. Finally, strategy games
such as Rise of Nations demand planning. Thus, it seems reasonable to propose that playing
such games would improve cognitive function.
In spite of a large number of experimental studies, the alleged positive effects of video-game
training on cognitive skills are much debated. Since the publication of a seminal study in 2003
[12], several experiments (e.g., [52]) suggesting that playing action video games enhances
cognitive skills such as cognitive control and visual attention have been carried out. However,
Trends in Cognitive Sciences, Month Year, Vol. xx, No. yy
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the initial positive results have rarely been replicated [28]. Mixed ﬁndings have also been
reported about nonaction video-game training (e.g., [53]).
Several meta-analyses have concluded in the past ﬁve years that video-game training exerts a
moderate effect on diverse cognitive skills [29,54,55]. However, we have showed [27] that the
observed overall positive effects found in these meta-analyses are probably unreliable due to
ﬂaws in the modelling approach, such as the use of suboptimal formulas to calculate effect
sizes and sampling error variances, the lack of an appropriate sensitivity analysis (e.g.,
examination of study-design quality as a potential moderator), and inadequate publication
bias analysis. In fact, our own meta-analytic investigations suggest that the true effect of videogame training on GCA is close to zero, if not null. This negative conclusion is valid regardless of
the type of cognitive tests, population age, and video-game genre. Finally, another recent metaanalysis [28] has claimed that action video-game training exerts small to medium effects on
cognitive skills such as spatial cognition and attention. However, this meta-analysis reports a
highly asymmetrical distribution of the observed effects. As correctly acknowledged by the
authors, this condition suggests that the overall effect is inﬂated by publication bias.
Music Instruction
Despite substantial inconsistency in the results reported in the primary studies, several reviews
of the literature have cautiously suggested that music does exert a positive impact on GCA and
cognitive skills [13,56]. The experimental inconsistencies in the empirical evidence are, once
again, only apparent and disappear when the data are correctly analyzed. Contrary to the
previous meta-analyses, our meta-analysis [30] estimated only a small overall effect of music
instruction on children’s cognitive skills and academic achievement. Critically, our analyses
show that the observed variability found in the primary studies is mostly due to the type of
control group (active or passive). When the music-trained group is compared to an active
control group, the effects are close to zero or null. Thus, just like WM training, the degree of true
heterogeneity (Box 2) observed in the ﬁeld is accounted for by the type of control group.
Therefore, the beneﬁts of music training do not go beyond placebo effects.
Corroborating our ﬁndings, a recent study [57] has shown that music-trained twins have the
same IQ as their non-music-trained co-twins. In the same vein, another investigation [33] has
found that, while musicians’ GCA correlates with music aptitude, it does not correlate with the
amount of music training. Put together, these ﬁndings constitute substantial evidence that
music does not enhance GCA or any other domain-general cognitive skill. Rather, intelligent
people are more likely to engage and succeed in the ﬁeld of music.
Chess Instruction
Like music, the experimental studies on the cognitive effects of playing chess-do not bring
compelling evidence. Our meta-analysis [58] has shown that chess-training interventions exert
a small to medium effect on cognitive and academic skills. However, the overall design quality of
the primary studies is poor. To the best of our knowledge, only four studies have compared
chess with alternative activities, ﬁnding no signiﬁcant treatment effects (Fried and Ginzburg,
unpublished) [59,60,61]. Given the lack of an active control group in most experimental studies,
it is not possible to rule out the possibility that the observed effects are in fact placebo effects.
Brain Training
The term ‘brain-training programs’ denotes computer games speciﬁcally designed to improve
cognitive skills. In this context, we thus refer to brain-training programs as a subset of cognitivetraining programs. Examples are the games developed by companies such as CogMed,
6
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Lumosity, and BrainHQ. Brain-training programs usually include a series of activities aimed to
boost several core cognitive skills such as processing speed, WM, and reasoning. Enhancing
such cognitive mechanisms is supposed to enhance GCA and, hence, academic and professional performance.
Whether brain training works has been the topic of a heated debate, which is vividly reﬂected by
two open letters about the cognitive beneﬁts of commercial cognitive-training programs. The
ﬁrst one – issued by the Stanford Center on Longevity and the Max Planck Institute for Human
Development – ‘object[ed] to the claim that brain games offer consumers a scientiﬁcally
grounded avenue to reduce or reverse cognitive decline when there is no compelling scientiﬁc
evidence to date that they do’ [62]. The second one – published on the Cognitive Training Data
website – argues that ‘there is, in fact, a large and growing body of such evidence’ [63].
To the best of our knowledge, no comprehensive meta-analysis has been carried out on this
topic so far. Meta-analyses including brain-training interventions usually contain studies about
other cognitive-training programs as well [64]. Mixing studies makes it impossible to isolate the
speciﬁc effects of brain-training programs. Also, most of these meta-analyses do not implement appropriate methods for correcting for publication bias. The reported overall effect sizes
are often small to medium, are sometimes highly inconsistent (i.e., high degree of true
heterogeneity; Box 2), and often do not distinguish between near (i.e., domain-speciﬁc) and
far transfer (i.e., domain-general) effects.
A recent comprehensive systematic review [15] offers the best discussion of the state of the art
in this ﬁeld. The authors highlight that, whilst brain-training regimens positively impact performance on the trained tasks and, to a lesser extent, on similar tasks, there is no evidence of
generalized effects on unrelated tasks. Thus, brain-training programs do not enhance either
GCA or any broad cognitive construct (Box 3).
Another key point raised by that review concerns the relation between the observed effects and
the design quality of the experiment. Limitations such as the use of passive control groups
without active control groups, small samples, and selectivity in reporting the results often
contribute to artiﬁcially inﬂating the overall effect of the treatment. Conversely, the effects
decrease with better-designed studies. This pattern of results – that is, the better the design,
the smaller the size of the effect – militates in favor of the null hypothesis according to which
brain-training programs do not exert any appreciable effects on cognition.
Other Cognitive-Training Programs
Other cognitive-training regimens have been recently examined. Examples include cognitive
ﬂexibility training [65], task-switching training [66,67], spatial training [68,69], learning relational
reasoning [70], exergames [71–73], meditation/mindfulness [74,75], and multimodal cognitive
training [76]. In accordance with the ﬁndings presented above, none of these types of training
appears to exert appreciable effects on overall cognitive function. It is worth mentioning that,
given the small number of experimental studies carried out so far, the impact on these
programs on cognition requires further investigation.

Cognitive Training: The Broader Picture
Meta-analytic methods provide precious information about the overall effect of interventions,
between-study variability, moderating variables, and publication bias. They have proved to be
excellent tools for resolving open controversies in social and life sciences [77]. However, our
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Box 3. Task Performance and Latent Factors

Outstanding Questions

Standardized cognitive tests are used to assess one’s cognitive skills. The performance on a cognitive test is considered
a reliable proxy for more complex cognitive constructs such as memory or ﬂuid intelligence. For example, we can
assume that our performance in the n-back task assesses our WM capacity.

Is generalized transfer a function of
intelligence? Are more intelligent people more able to see the abstract
structure of a task and thus be able
to use it to solve other tasks? If this is
the case, the putative cases of transfer
from one domain to another are more
the reﬂection of pre-existing cognitive
differences than the effect of practicing
a given task on cognitive skills.

This equivalence is harder to establish in studies implementing an intervention than in cross-sectional and correlational
studies. In fact, it is not simple to understand whether pre-post-test differences represent cognitive enhancement or just
the improvement in carrying out a cognitive task. Better performance may be due to the similarities between the trained
task and the outcome measures rather than improved cognitive function.
This is the main objection formulated against the alleged beneﬁts of WM training on general memory skills [111]. WM
training has been found to exert a moderate yet reliable positive effect on several memory tests. However, extended
training in a particular memory task may help trainees to develop strategies to solve similar tasks. Similarly, playing Tetris
is likely to boost the ability to carry out some mental-rotation tasks rather than general spatial ability. This problem is even
more evident with brain-training interventions, which often consist of cognitive tasks that have been turned into
computer games. It is thus obvious that these activities help to increase one’s performance on the original cognitive
tasks. However, this does not represent any reliable evidence of cognitive enhancement.
To address this issue, experiments must include multivariate measures of cognitive skills that are not too similar to the
trained task(s). In fact, such a set of cognitive measures, rather than performance in a single cognitive task, is needed to
investigate the impact of cognitive-training programs on latent factors representing cognitive skills. Designs based on
latent factors have rarely been implemented in cognitive-training studies. When they have, no evidence of trainingrelated beneﬁts for GCA or other particular cognitive skills has been documented (e.g., [23,76]).

scepticism about the alleged cognitive beneﬁts of cognitive-training programs also stems from
other broader considerations.
To begin with, education has been found to have only a small impact on GCA [2,78,79]. In fact,
education exerts larger effects on those tests assessing skills taught in school than IQ tests [80].
Moreover, the observed slight improvements in IQ associated with additional years of schooling
seem to be limited to speciﬁc subtests [79,81] or mediated by the acquisition of other skills such
as reading and mathematics [80,82,83]. If years of cognitively demanding school activities only
marginally enhance GCA or its core components (e.g., WM capacity and processing speed), it
is hard to see why a few hours of cognitive training should. Second, GCA is a substantially
heritable factor [84], which means that, unlike domain-speciﬁc skills, it is hardly malleable to
environmental factors such as education and training. Finally, as seen earlier, research into the
psychology of expertise has consistently shown that generalized (i.e., far) transfer is rare
because skill acquisition is based on domain-speciﬁc conceptual and perceptual information
[7,10,85–87]. Thus, while prior levels of GCA inﬂuence the speed and quality of skill acquisition,
domain-speciﬁc training does not foster GCA. In other words, the beneﬁts of a particular
training do not go beyond the trained tasks and, at best, similar tasks. Put together, the insights
from these disciplines strongly suggest that the idea of enhancing GCA through training is
scientiﬁcally implausible.

Concluding Remarks and Future Directions
Evidence from different laboratories supports the idea that practicing cognitively demanding
activities has little, if any, impact on GCA or its components. The lack of generalized effects
seems to manifest itself regardless of the type of training, the speciﬁc cognitive skills assessed,
the age of participants, or the presence of training-induced neural changes (Box 4). In our
opinion, the impossibility of training GCA should be regarded, to use a metaphor from physics,
as an ‘elementary particle’ in the ‘standard model’ of human cognition. Furthermore, the
absence of generalized cognitive beneﬁts should be considered a fundamental litmus test for
theories in cognitive sciences. Theories whose predictions (or corollaries) are in line with this
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Has the ﬁeld of cognitive training be
naïve in thinking that cognitive
enhancement can be obtained from
practice in one domain only? Possibly,
training in several domains is necessary for extracting common abstract
structures. If this is the case, increasing intelligence requires acquiring a
minimum level of expertise in several
domains, which is obviously more time
consuming and more challenging
motivationally than practicing only
one domain.
Does cognitive training have positive
effects with speciﬁc populations such
as patients with brain damage,
Alzheimer’s disease, and other
dementias? The idea is that, although
it exerts no positive effects with healthy
populations, cognitive training may
beneﬁt some particular populations
whose cognitive function has been
impaired.
Is it possible to improve cognition with
drugs? General cognitive ability is
associated with speciﬁc genotypes. It
has been proposed that drug treatments may be employed to modify
gene expression to promote cognitive
enhancement.
Cognitive training does not enhance
overall cognitive ability or core
cognitive mechanisms. However, is it
possible that engaging in cognitively
demanding activities slows down
cognitive decline in the elderly? This
claim refers to the so-called ‘use it or
lose it’ hypothesis.
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Box 4. Neural Patterns and Cognitive Skills
As seen, neural plasticity has been proposed to be one of the links between cognitive-training programs and cognitive
enhancement. This idea is supported by the fact that performance in tests of intelligence is associated with particular
functional (e.g., brain activation during a complex task) and structural (e.g., volume of grey matter) neural patterns [112].
Experts often exhibit structural and functional neural patterns speciﬁc to their ﬁeld. This is the case of musicians, chess
players, and mnemonists, just to mention a few examples [113,114]. However, correlational and cross-sectional
evidence does not tell us anything about the direction of causality. It is not possible to establish whether these neural
patterns are due to training or whether they existed before. So, what do experimental studies show us?
Interestingly, training-induced functional and sometimes structural changes have been observed after music-based
interventions [115,116], WM training [117,118], and video-game training [119]. Regarding chess, particular structural
and functional neural patterns have been observed in experts [120–122]. (To the best of our knowledge, no experimental
study has examined the effect of chess training on structural/functional patterns.)
With the exception of tasks related to working memory, where experts use long-term memory brain regions typically not
used by novices [123], the occurrence of particular neural correlates in both experts and participants undergoing
cognitive-training regimens is quite consistent. Yet, the impact of cognitive-training programs on GCA and cognitive
skills is, as seen, substantially null. These results suggest a decoupling of observed neural changes from domaingeneral cognitive skills. It is likely that the neural changes observed after cognitive-training interventions reﬂect the
improved ability to perform the trained tasks and, sometimes, similar tasks.
A possibility is that training-induced, domain-speciﬁc neural patterns underlie those mechanisms necessary to store,
retrieve, and manipulate domain-speciﬁc information to carry out complex cognitive tasks. For example, extended
training in chess and music may result in localized neural changes (e.g., [113,114]) that sustain domain-speciﬁc tasks
such as retrieving chess and music conﬁgurations of pieces and notes from long-term memory and using this
information to ﬁnd the correct move or play a Mozart sonata. By contrast, GCA and domain-general cognitive skills
are probably expressed by more holistic neural processes, such as the dynamic reorganization of brain networks [101].

principle (e.g., theories of expert performance such as chunking and template theories [88,89])
should be preferred over theories supporting the hypothesis that training can affect domaingeneral cognitive skills [90]. Similarly, theories that emphasize the difﬁculty of far transfer
[9,91,92] should be preferred over theories that are more optimistic about far transfer
[93,94]. An important practical implication is that school instruction and professional training
should concentrate on domain-speciﬁc material and avoid domain-general cognitive training.
The impossibility of enhancing GCA by training does not imply that human cognition is not
malleable to training (see Outstanding Questions). Rather, it must be acknowledged that the
beneﬁts associated with training are limited to the trained tasks and, sometimes, similar tasks.
Our conviction is that cognitive-training programs should not be utterly abandoned, as long as
the claims and expectations about the beneﬁts do not go beyond what has been empirically
veriﬁed. For example, brain-training programs implementing arithmetic games do improve the
participants’ ability to perform simple calculations [95]. Also, given the similarities between the
chess board and the Cartesian graph, chess instruction may help children to learn basic
geometrical concepts. Such improvements may not be considered cognitive enhancement,
but that does not mean that they are not useful. In any case, improving the quality of
experimental designs will be an essential requirement for future studies in order to estimate
the extent to which these practices promote transfer of skills from the laboratory to real-life
contexts.
Furthermore, other avenues for improving performance in cognitively demanding tasks should
be pursued. Learning strategies have been shown to help people to learn more quickly and
cope with cognitive decline. Examples include learning situations that are desirably difﬁcult [96],
retrieval-based learning [97], mnemonics [98], and elaboration strategies [99]. Once again,
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further research is needed to verify whether skills acquired via this type of training transfer to
real-life situations [100].
One additional step forward is the design of cognitive-training programs aimed at improving
domain-speciﬁc performance. As mentioned above, experts such as professional musicians
and chess masters exhibit largely superior cognitive performance compared to novices when
the task involves domain-speciﬁc material (e.g., recall and detection of chess pieces or music
notes). Such skills are almost certainly a byproduct of practice in these ﬁelds. However, we do
not know whether practicing cognitive tasks with domain-speciﬁc material (e.g., recalling chess
positions) contributes to boosting domain-speciﬁc cognitive performance (e.g., playing chess
well). We believe that domain-speciﬁc cognitive-training methods represent a new opportunity
towards the amelioration of educational and professional performance. Only time will tell us
whether this hypothesis is empirically correct.
Acknowledgements
We thank Walter Boot, Zach Hambrick, and Dan Simons for providing insightful information about cognitive-training
programs and the structure of intelligence.

References
1.

Schmidt, F.L. (2017) Beyond questionable research methods:
the role of omitted relevant research in the credibility of research.
Arch. Sci. Psychol. 5, 32–41

2.

Detterman, D.K. (2016) Education and intelligence: pity the poor
teacher because student characteristics are more signiﬁcant
than teachers or schools. Span. J. Psychol. 19, E93

3.

Deary, I.J. et al. (2007) Intelligence and educational achievement. Intelligence 35, 13–21

4.

Schmi-dt, F.L. and Hunter, J. (2004) General mental ability in the
world of work: occupational attainment and job performance. J.
Pers. Soc. Psychol. 86, 162–173

5.

Lynn, R. and Yadav, P. (2015) Differences in cognitive ability, per
capita income, infant mortality, fertility and latitude across the
states of India. Intelligence 49, 179–185

6.

Batty, G.D. et al. (2007) Premorbid (early life) IQ and later
mortality risk: systematic review. Ann. Epidemiol. 17, 278–288

7.

Gobet, F. (2016) Understanding Expertise: A Multidisciplinary
Approach, Palgrave

8.

Sala, G. and Gobet, F. (2017) Experts’ memory superiority for
domain-speciﬁc random material generalizes across ﬁelds of
expertise: a meta-analysis. Mem. Cogn. 45, 183–193

9.

Thorndike, E.L. and Woodworth, R.S. (1901) The inﬂuence of
improvement in one mental function upon the efﬁciency of other
functions (I). Psychol. Rev. 9, 374–382

10. Ericsson, K.A. and Charness, N. (1994) Expert performance: its
structure and acquisition. Am. Psychol. 49, 725–747
11. Jaeggi, S.M. et al. (2008) Improving ﬂuid intelligence with training
on working memory. Proc. Natl. Acad. Sci. U. S. A. 105,
6829–6833
12. Green, C.S. and Bavelier, D. (2003) Action video game modiﬁes
visual selective attention. Nature 423, 534
13. Miendlarzewska, E.A. and Trost, W.J. (2013) How musical training affects cognitive development: rhythm, reward and other
modulating variables. Front. Neurosci. 7, 279
14. Strobach, T. and Karbach, J. (2016) Cognitive Training — An
Overview of Features and Applications, Springer
15. Simons, D.J. et al. (2016) Do “brain-training” programs work?
Psychol. Sci. Public Interest 17, 103–186
16. Taatgen, N.A. (2016) Theoretical models of training and transfer
effects. In Cognitive Training: An Overview of Features and
Applications (Strobach, T. and Karbach, J., eds), pp. 19–29,
Springer

10

Trends in Cognitive Sciences, Month Year, Vol. xx, No. yy

17. Karbach, J. and Schubert, T. (2013) Training-induced cognitive
and neural plasticity. Front. Hum. Neurosci. 7, 48
18. Stine-Morrow, E.A.L. and Basak, C. (2011) Cognitive interventions. In Handbook of the Psychology of Aging (7th ed.) (Schaie,
K.W. and Willis, S.L., eds), pp. 153–170, Elsevier
19. Voss, M.W. et al. (2013) Bridging animal and human models of
exercise-induced brain plasticity. Trends Cogn. Sci. 17,
525–544
20. Burkhalter, T.M. and Hillman, C.H. (2011) A narrative review of
physical activity, nutrition, and obesity to cognition and scholastic performance across the human lifespan. Adv. Nutr. 2,
201S–206S
21. Boot, W.R. et al. (2013) Video games as a means to reduce agerelated cognitive decline: attitudes, compliance, and effectiveness. Front. Psychol. 4, 31
22. Green, C.S. et al. (2017) Playing some video games but not
others is related to cognitive abilities: a critique of Unsworth et al.
(2015). Psychol. Sci. 28, 679–682
23. Redick, T.S. et al. (2017) Don’t shoot the messenger: still no
evidence that video-game experience is related to cognitive
abilities — a reply to Green et al. (2017). Psychol. Sci. 28,
683–686
24. Green, C.S. and Bavelier, D. (2007) Action-video-game experience alters the spatial resolution of vision. Psychol. Sci. 18,
88–94
25. Green, C. et al. (2012) The effect of action video game experience on task-switching. Comput. Hum. Behav. 28, 984–994
26. Unsworth, N. et al. (2015) Is playing video games related to
cognitive abilities? Psychol. Sci. 26, 759–774
27. Sala, G. et al. (2018) Video game training does not enhance
cognitive ability: a comprehensive meta-analytic investigation.
Psychol. Bull. 144, 111–139
28. Bediou, B. et al. (2018) Meta-analysis of action video game
impact on perceptual, attentional, and cognitive skills. Psychol.
Bull. 144, 77–110
29. Powers, K.L. et al. (2013) Effects of video-game play on information processing: a meta-analytic investigation. Psychon. Bull.
Rev. 20, 1055–1079
30. Sala, G. and Gobet, F. (2017) When the music’s over. Does
music skill transfer to children’s and young adolescents’ cognitive and academic skills? A meta-analysis. Educ. Res. Rev. 20,
55–67

TICS 1856 No. of Pages 12

31. Schellenberg, E.G. (2006) Long-term positive associations
between music lessons and IQ. J. Educ. Psychol. 98, 457–468

54. Toril, P. et al. (2014) Video game training enhances cognition of
older adults: a meta-analytic study. Psychol. Aging 29, 706–716

32. Schellenberg, E.G. (2015) Music training and speech perception: a gene–environment interaction. Ann. N. Y. Acad. Sci.
1337, 170–177

55. Wang, P. et al. (2016) Action video game training for healthy
adults: a meta-analytic study. Front. Psychol. 7, 907

33. Swaminathan, S. et al. (2017) Revisiting the association
between music lessons and intelligence: training effects or
music aptitude? Intelligence 62, 119–124
34. Talamini, F. et al. (2017) Musicians have better memory than
nonmusicians: a meta-analysis. PLoS One 12, e0186773

56. Gordon, R.L. et al. (2015) Does music training enhance literacy
skills? A meta-analysis. Front. Psychol. 6
57. Mosing, M.A. et al. (2016) Investigating cognitive transfer within
the framework of music practice: genetic pleiotropy rather than
causality. Dev. Sci. 19, 504–512

35. Gobet, F. et al. (2004) Moves in Mind: The Psychology of Board
Games, Psychology Press

58. Sala, G. and Gobet, F. (2016) Do the beneﬁts of chess instruction transfer to academic and cognitive skills? A meta-analysis.
Educ. Res. Rev. 18, 46–57

36. Burgoyne, A.P. et al. (2016) The relationship between cognitive
ability and chess skill: a comprehensive meta-analysis.
Intelligence 59, 72–83

59. Sala, G. and Gobet, F. (2017) Does chess instruction improve
mathematical problem-solving ability? Two experimental studies
with an active control group. Learn. Behav. 45, 414–421

37. Sala, G. et al. (2017) Checking the “academic selection”
argument. Chess players outperform non-chess players in cognitive skills related to intelligence: a meta-analysis. Intelligence
61, 130–139

60. Gliga, F. and Flesner, P.I. (2014) Cognitive beneﬁts of chess
training in novice children. Procedia Soc. Behav. Sci. 116,
962–967

38. Baddeley, A. (1992) Is working memory working? Q. J. Exp.
Psychol. 44, 1–31
39. Peng, P. et al. (2016) A meta-analysis of mathematics and
working memory: moderating effects of working memory
domain, type of mathematics skill, and sample characteristics.
J. Educ. Psychol. 108, 455–473
40. Peng, P. et al. (2018) A meta-analysis on the relation between
reading and working memory. Psychol. Bull. 144, 48–76
41. Melby-Lervåg, M. et al. (2016) Working memory training does
not improve performance on measures of intelligence or other
measures of “far transfer”. Perspect. Psychol. Sci. 11, 512–534
42. Soveri, A. et al. (2017) Working memory training revisited: a
multi-level meta-analysis of n-back training studies. Psychon.
Bull. Rev. 24, 1077–1096
43. Sala, G. and Gobet, F. (2017) Working memory training in
typically developing children: a meta-analysis of the available
evidence. Dev. Psychol. 53, 671–685
44. Peijnenborgh, J.C.A.W. et al. (2016) Efﬁcacy of working memory
training in children and adolescents with learning disabilities: a
review study and meta-analysis. Neuropsychol. Rehabil. 26,
645–672
45. Nilsson, J. et al. (2017) Direct-current stimulation does little to
improve the outcome of working memory training in older adults.
Psychol. Sci. 28, 907–920
46. Au, J. et al. (2015) Improving ﬂuid intelligence with training on
working memory: a meta-analysis. Psychon. Bull. Rev. 22,
366–377
47. Dougherty, M.R. et al. (2016) Reevaluating the effectiveness of
n-back training on transfer through the Bayesian lens: support
for the null. Psychon. Bull. Rev. 23, 306–316
48. Melby-Lervåg, M. and Hulme, C. (2016) There is no convincing
evidence that working memory training is effective: a reply to Au
et al. (2014) and Karbach and Verhaeghen (2014). Psychon.
Bull. Rev. 23, 324–330
49. Au, J. et al. (2016) There is no convincing evidence that working
memory training is NOT effective: a reply to Melby-Lervåg and
Hulme (2015). Psychon. Bull. Rev. 23, 331–337
50. Karbach, J. and Verhaeghen, P. (2014) Making working memory
work: a meta-analysis of executive control and working memory
training in younger and older adults. Psychol. Sci. 25,
2027–2037
51. Guye, S. and von Bastian, C.C. (2017) Working memory training
in older adults: Bayesian evidence supporting the absence of
transfer. Psychol. Aging 32, 732–746
52. Bejjanki, V.R. et al. (2014) Action video game play facilitates the
development of better perceptual templates. Proc. Natl. Acad.
Sci. U. S. A. 111, 16961–16966
53. Basak, C. et al. (2008) Can training in a real-time strategy
videogame attenuate cognitive decline in older adults? Psychol.
Aging 23, 765–777

61. Forrest, D. et al. (2005) Chess Development in Aberdeen’s
primary schools: A Study of Literacy and Social Capital, University of Aberdeen
62. Max Planck Institute for Human Development and Stanford
Center on Longevity (2014) A Consensus on the Brain Training
Industry from the Scientiﬁc Community. Published online October 20, 2014. http://longevity.stanford.edu/a-consensus-onthe-brain-training-industry-from-the-scientiﬁc-community-2/
63. An Open Letter to the Stanford Center on Longevity (2014)
Cognitive Training Data Response Letter. Published online April
15, 2018. https://www.cognitivetrainingdata.org/thecontroversy-does-brain-training-work/response-letter/
64. Tetlow, A.M. and Edwards, J.D. (2017) Systematic literature
review and meta-analysis of commercially available computerized cognitive training among older adults. J. Cognit. Enhancement 1, 559–575
65. Buitenweg, J.I.V. et al. (2017) Cognitive ﬂexibility training: a
large-scale multimodal adaptive active-control intervention
study in healthy older adults. Front. Hum. Neurosci. 11
66. Dorrenbacher, S. and Kray, J. (2018) The impact of game-based
task-shifting training on motivation and executive control in
children with ADHD. J. Cognit. Enhancement Published online
June 19, 2018. http://dx.doi.org/10.1007/s41465-018-0083-2
67. Kray, J. and Feher, B. (2017) Age differences in the transfer and
maintenance of practice-induced improvements in task switching: the impact of working memory and inhibition demands.
Front. Psychol. 8, 410
68. Xu, C. and LeFevre, J.-A. (2016) Training young children on
sequential relations among numbers and spatial decomposition:
differential transfer to number line and mental transformation
tasks. Dev. Psychol. 52, 854–866
69. Mix, K.S. and Cheng, Y.-L. (2012) The relation between space
and math: developmental and educational implications. In
Advances in Child Development and Behavior (Benson, J.B.,
ed.), pp. 197–243. JAI
70. Papageorgiou, E. et al. (2016) Augmenting intelligence: developmental limits to learning-based cognitive change. Intelligence
56, 16–27
71. Monteiro-Junior, R.S. et al. (2017) Acute effects of exergames
on cognitive function of institutionalized older persons: a singleblinded, randomized and controlled pilot study. Aging Clin. Exp.
Res. 29, 387
72. Stanmore, E. et al. (2017) The effect of active video games on
cognitive functioning in clinical and non-clinical populations: a
meta-analysis of randomized controlled trials. Neurosci. Biobehav. Rev. 78, 34–43
73. Ordnung, M. et al. (2017) No overt effects of a 6-week exergame
training on sensorimotor and cognitive function in older adults. A
preliminary investigation. Front. Hum. Neurosci. 11, 160
74. Eberth, J. and Sedlmeier, P. (2012) The effects of mindfulness
meditation: a meta-analysis. Mindfulness 3, 174–189

Trends in Cognitive Sciences, Month Year, Vol. xx, No. yy

11

TICS 1856 No. of Pages 12

75. Mrazek, M.D. et al. (2013) Mindfulness training improves working memory capacity and GRE performance while reducing
mind wandering. Psychol. Sci. 24, 776–781

100. McCabe, J.A. et al. (2016) Brain-training pessimism, but
applied-memory optimism. Psychol. Sci. Public Interest 17,
187–191

76. Daugherty, A.M. et al. (2018) Multi-modal ﬁtness and cognitive
training to enhance ﬂuid intelligence. Intelligence 66, 32–43

101. Barbey, A.K. (2018) Network neuroscience theory of human
intelligence. Trends Cogn. Sci. 22, 8–20

77. Schmidt, F.L. and Oh, I.-S. (2016) The crisis of conﬁdence in
research ﬁndings in psychology: is lack of replication the real
problem? Or is it something else? Arch. Sci. Psychol. 4, 32–37

102. McGrew, K.S. (2009) CHC theory and the human cognitive
abilities project: standing on the shoulders of the giants of
psychometric intelligence research. Intelligence 37, 1–10

78. Finn, A.S. et al. (2014) Cognitive skills, student achievement
tests, and schools. Psychol. Sci. 25, 736–744

103. Schmidt, F.L. and Hunter, J.E. (2015) Methods of Meta-Analysis: Correcting Error and Bias in Research Findings. (3rd ed.),
Sage

79. Ritchie, S.J. et al. (2015) Is education associated with improvements in general cognitive ability, or in speciﬁc skills? Dev.
Psychol. 51, 573–582
80. Ritchie, S.J. and Tucker-Drob, E.M. (2018) How much does
education improve intelligence? A meta-analysis. Psychol. Sci.
29, 1358–1369
81. Ritchie, S.J. et al. (2013) Education is associated with higher
later life IQ scores, but not with faster cognitive processing
speed. Psychol. Aging 28, 515–521
82. Watkins, M.W. and Styck, K.M. (2017) A cross-lagged panel
analysis of psychometric intelligence and achievement in reading and math. J. Intell. 5, 31
83. Ritchie, S.J. et al. (2015) Does learning to read improve intelligence? A longitudinal multivariate analysis in identical twins from
age 7 to 16. Child Dev. 86, 23–36
84. Bouchard, T.J. (2014) Genes, evolution and intelligence. Behav.
Genet. 44, 549–577

104. Borenstein, M. et al. (2009) Introduction to Meta-Analysis, Wiley
105. Button, K.S. et al. (2013) Power failure: why small sample size
undermines the reliability of neuroscience. Nat. Rev. Neurosci.
14, 365
106. Duval, S. and Tweedie, R. (2000) Trim and ﬁll: a simple funnelplot–based method of testing and adjusting for publication bias
in meta-analysis. Biometrics 56, 455–463
107. Stanley, T.D. (2017) Limitations of PET-PEESE and other metaanalysis methods. Soc. Psychol. Pers. Sci. 8, 581–591
108. Simonsohn, U. et al. (2014) p-curve and effect size: correcting
for publication bias using only signiﬁcant results. Perspect.
Psychol. Sci. 9, 666–681
109. Vevea, J.L. and Woods, C.M. (2005) Publication bias in research
synthesis: sensitivity analysis using a priori weight functions.
Psychol. Methods 10, 428–443

85. Gobet, F. et al. (2001) Chunking mechanisms in human learning.
Trends Cogn. Sci. 5, 236–243

110. McShane, B.B. et al. (2016) Adjusting for publication bias in
meta-analysis: an evaluation of selection methods and some
cautionary notes. Perspect. Psychol. Sci. 11, 730–749

86. Chassy, P. and Gobet, F. (2011) A hypothesis about the biological basis of expert intuition. Rev. Gen. Psychol. 15, 198–212

111. Shipstead, Z. et al. (2012) Is working memory training effective?
Psychol. Bull. 138, 628–654

87. Hambrick, D.Z. et al. (2018) The Science of Expertise, Psychology Press

112. Basten, U. et al. (2015) Where smart brains are different: a
quantitative meta-analysis of functional and structural brain
imaging studies on intelligence. Intelligence 51, 10–27

88. Simon, H.A. and Chase, W.G. (1973) Skill in chess. Am. Sci. 61,
393–403
89. Gobet, F. and Simon, H.A. (1996) Templates in chess memory: a
mechanism for recalling several boards. Cognit. Psychol. 31,
1–40
90. Green, C.S. et al. (2010) Improved probabilistic inference as a
general learning mechanism with action video games. Curr. Biol.
20, 1573–1579
91. Sternberg, R.J. and Frensch, P.A. (1993) Mechanisms of transfer. In Transfer on Trial: Intelligence, Cognition, and Instruction
(Detterman, D.K. and Sternberg, R.J., eds), pp. 25–38, Ablex
Publishing
92. Singley, M.K. and Anderson, J.R. (1989) The Transfer of
Cognitive Skill, Harvard
93. Taatgen, N.A. (2013) The nature and transfer of cognitive skills.
Psychol. Rev. 120, 439–471
94. Judd, C.H. (1908) The relation of special training and general
intelligence. Educ. Rev. 36, 28–42
95. Miller, D.J. and Robertson, D.P. (2011) Educational beneﬁts of
using game consoles in a primary classroom: a randomised
controlled trial. Br. J. Educ. Technol. 42, 850–864
96. Bjork, R.A. (2018) Being suspicious of the sense of ease and
undeterred by the sense of difﬁculty: looking back at Schmidt
and Bjork (1992). Perspect. Psychol. Sci. 13, 146–148
97. Dunlosky, J. et al. (2013) Improving students’ learning with
effective learning techniques: promising directions from cognitive and educational psychology. Psychol. Sci. Public Interest
14, 4–58
98. Carney, R.N. and Levin, J.R. (2008) Conquering mnemonophobia, with help from three practical measures of memory and
application. Teach. Psychol. 35, 176–183
99. Richey, J.E. and Nokes-Malach, T.J. (2015) Comparing four
instructional techniques for promoting robust knowledge. Educ.
Psychol. Rev. 27, 181–218

12

Trends in Cognitive Sciences, Month Year, Vol. xx, No. yy

113. Neumann, N. et al. (2016) Cognitive expertise: an ALE metaanalysis. Hum. Brain Mapp. 37, 262–272
114. Bilalic, M. and Campitelli, G. et al. (2018) Studies of the activation
and structural changes of the brain associated with expertise. In
Cambridge Handbook of Expertise and Expert Performance
(2nd ed.) (Ericsson, K.A., ed.), Cambridge University Press
115. Habibi, A. et al. (2016) Neural correlates of accelerated auditory
processing in children engaged in music training. Dev. Cognit.
Neurosci. 21, 1–14
116. Tierney, A.T. et al. (2015) Music training alters the course of
adolescent auditory development. Proc. Natl. Acad. Sci. U. S. A.
112, 10062–10067
117. Román, F.J. et al. (2016) Gray matter responsiveness to adaptive working memory training: a surface-based morphometry
study. Brain Struct. Funct. 221, 4369–4382
118. Clark, C.M. et al. (2017) Functional brain activation associated
with working memory training and transfer. Behav. Brain Res.
334, 34–49
119. Colom, R. et al. (2012) Structural changes after videogame
practice related to a brain network associated with intelligence.
Intelligence 40, 479–489
120. Haenggi, J. et al. (2014) The architecture of the chess player’s
brain. Neuropsychologia 62, 152–162
121. Wright, M.J. et al. (2013) ERP to chess stimuli reveal expertnovice differences in the amplitudes of N2 and P3 components.
Psychophysiology 50, 1023–1033
122. Campitelli, G. et al. (2008) Left lateralization in autobiographical
memory: an fMRI study using the expert archival paradigm. Int.
J. Neurosci. 118, 191–209
123. Guida, A. et al. (2012) How chunks, long-term working memory
and templates offer a cognitive explanation for neuroimaging
data on expertise acquisition: a two-stage framework. Brain
Cogn. 79, 221–244

