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Working memory (WM) capacity predicts performance in
a wide range of cognitive tasks. Although WM capacity
has been viewed as a constant trait, recent studies
suggest that it can be improved by adaptive and
extended training. This training is associated with
changes in brain activity in frontal and parietal cortex
and basal ganglia, as well as changes in dopamine re-
ceptor density. Transfer of the training effects to non-
trained WM tasks is consistent with the notion of train-
ing-induced plasticity in a common neural network for
WM. The observed training effects suggest that WM
training could be used as a remediating intervention
for individuals for whom low WM capacity is a limiting
factor for academic performance or in everyday life.

Explicit versus implicit training of working memory
Working memory (WM) refers to the retention of infor-
mation over a brief period of time, a function that is of
central importance for a wide range of cognitive tasks and
for academic achievement [1]. Impaired WM is observed in
many neuropsychiatric conditions, such as traumatic brain
injury, stroke, mental retardation, schizophrenia and
attention-deficit hyperactivity disorder (ADHD) [2]. It is
thus not surprising that attempts to improve WM have a
long history. In their 1972 article ‘On the theory and
practice of improving short-term memory’, Earl Butterfield
and colleagues reported a series of studies attempting to
improve short-term memory in learning-disabled individ-
uals by teaching participants to use subvocal rehearsal
strategies [3]. Although this approach led to some improve-
ment in participants’ performance, there was no evidence
of transfer either to non-trained cognitive tasks or to
everyday performance.

A later study by Ericsson and colleagues demonstrated
that the number of digits an individual can remember can
be greatly improved by practice [4]. In particular, partici-
pant S.F. could after practice recall a series of 79 digits
after hearing it only once by grouping numbers and associ-
ating them with running times stored in long-term mem-
ory. This strategy is an example of ‘chunking’, whereby
isolated pieces of information are put together to form a
meaningful combination that can be associated with pre-
viously stored long-term memories. However, this type of
enhancement is highly material-specific, as demonstrated
by the fact that when tested on his ability to remember
letters, S.F. could only recall six. His WM capacity, defined
as a trait that influences performance in WM tasks irre-
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spective of the material to be memorized, was thus not
improved.

These early training studies seemed to provide support
for the static view of WM formulated by Miller in his article
‘The magic number seven’ [5]. However, subsequent
research has shown that training can improve performance
in a wide range of functions and that this improved per-
formance is associated with neuronal changes from the
intracellular level to functional organization of the cortex
[6]. Training on motor [7] and perceptual tasks [8] in
animals leads after hundreds of trials to enhanced per-
formance, with concomitant changes in synaptic connec-
tivity in both sensory and motor areas. Plasticity has also
been demonstrated in the prefrontal cortex in animals [9].

This type of perceptual and motor training might be
called implicit because improvement is based only on
repetition, feedback and often gradual adjustment of the

Glossary of neuropsychological tests

Block design task: the subject is asked to arrange blocks that are
either red or white or both red and white so that the blocks form a
specific pattern [67]. The test measures spatial perception and
problem solving.
Bochumer Matrizen test (BOMAT): this test is similar to Raven’s
matrices but was developed more recently [68].
Continuous performance task (CPT): a continuous series of digit or
letters is presented either visually or auditorily [43]. The participant is
asked to respond (e.g. by pressing a button) when a specific combi-
nation of stimuli, such as an A followed by an X, is presented. The task
was developed to measure sustained attention and vigilance.
Paced auditory serial addition task (PASAT): in this task, participants
are presented with a continuous stream of digits and asked to add the
two final digits and report the sum aloud [69]. The task is considered a
measure of both WM and sustained attention.
Span board task: this task measures visuospatial WM. Ten blocks are
positioned on a brick. The tester points to a sequence of blocks and
the participant is asked to reproduce the sequence [70].
Stroop task: the color words ‘blue’,” green’,” red’ and ‘yellow’ are
randomly presented. In one version of the task the color in which
words are printed is congruent with the meaning of the words (e.g.
, RED, etc.) [42]. In another version the colors are incongruent
(e.g. , ) and subjects are asked to name the color in which
the word is printed. The test measures a subject’s ability to inhibit the
prepotent response of reading the words.
Raven’s matrices: this test measures inductive reasoning ability. A
matrix of figures is presented in which one position is empty. By
deducing the relationship between rows and columns, the participant
is required to infer what figure should be in the empty position of the
matrix [71]. Several versions of Raven’s matrices exist, including the
colored progressive matrices, standard progressive matrices and
advanced progressive matrices.
Wechsler abbreviated scale of intelligence (WASI): this battery com-
prises tests of vocabulary, judgment of similarities, block design and
matrix reasoning tasks [72].
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difficulty. By contrast, teaching of strategies to improve
performance in WM tasks, such as rehearsal [3], chunking
and meta-cognitive strategies [10], are explicit in that they
are conscious strategies for handling the material. The
question is whether implicit WM training might lead to
durable neuronal changes in WM-related areas in the same
way as perceptual training does for neurons of the visual
cortex. The hypothesis put forward in the present article is
that there is nothing magical about WM: the synaptic
connections determining WM capacity are governed by
the same laws of plasticity that characterize other parts
of the brain.

Psychological and neural correlates of WM
Neurophysiological studies show that maintenance of
information in WM is associated with elevated and sus-
tained neural firing over a delay when information is kept
in mind [11]. Neuroimaging studies in humans have
mapped WM-related activity to both sensory association
cortices and prefrontal cortex [12,13]. Some of these
regions show specificity to the sensory modality of the
stimuli [12,13]. Other regions, including parts of the intra-
parietal cortex and dorsolateral prefrontal cortex, are acti-
vated across several modalities and thus reflect a
multimodal type of activity [12-14]. Individual differences
in activity in both the intraparietal and prefrontal cortex
are correlated to WM capacity differences among adults
[15-19], as well as when comparing children and adults
[20-25]. Neural network models have suggested that stron-
ger frontoparietal connectivity is one potential mechanism
behind higher WM capacity [26,27].

Mapping of the neural activity during WM tasks to
specific psychological terms is still work in progress.
Psychological models of WM distinguish sensory-specific
storage from a coordinating or controlling function,
referred to as the central executive [28] or controlled
attention [29]. Attention is thus closely linked to WM.
Controlled, or top-down, attention refers to the voluntary
allocation of selective attention and relies on parietal and
prefrontal regions that largely overlap with activation
during WM tasks in both the parietal and prefrontal cortex
[30]. Control of attention is necessary in WM tasks, for
example when selecting only relevant information [17,31].
Conversely, retention of an internal representation of a
salient location in WM is crucial for directing and main-
taining attention towards that location [32]. The neural
basis for WM and controlled attention might thus rely on
the same mechanisms of sustained neural activity and top-
down excitation, and the same multi-modal frontoparietal
network, and might be difficult or impossible to separate
even at the neuronal level.

The effect of training on a particular cortical region
using a specific task would only be expected to transfer
to other tasks and functions to the extent that the tasks
rely on the same neural networks [33]. Training affecting
sensory association areas would not be expected to have
transfer effects to other modalities. Training affecting
higher association cortices, however, might have more
general effects. In particular, neural changes in the com-
mon intraparietal-prefrontal network would be expected
to improve performance in WM tasks irrespective of the
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sensory modality of the memoranda, as well as in tasks
requiring control of attention.

Computerized training of WM

An example of what might be termed implicit WM training
is the training program originally developed by Klingberg
and colleagues for children with ADHD [34,35]. This train-
ing involves repeated performance of WM tasks, with feed-
back and rewards based on the accuracy for every trial. The
effective training time is 30-40 min per day, 5 days a week
for 5 weeks (totaling approx. 15 h). The difficulty of the
tasks is adjusted during the WM training on a trial-by-trial
basis by changing the amount of information to be remem-
bered so that it is close to the capacity of the subject.

This approach differs from previous WM training
attempts in several ways. First, the training was not
designed to teach explicit strategies, such as rehearsal
techniques or meta-cognitive strategies [3,10]. Second,
the method differs in the amount of time spent specifically
on WM tasks. Previous interventions typically used WM
tasks as part of training batteries that included other types
of executive functions tasks, which decreased the overall
time spent on WM tasks [36]. Third, the use of computer-
ized tasks rather than typical one-on-one testing made it
possible to have longer training times and to change the
WM load on a trial-by-trial basis.

Results obtained using this particular method are
briefly summarized before alternative, but also implicit,
methods of WM training are reviewed (for methodological
issues in training studies see Box 1).

Increase in WM capacity

Using the method developed by Klingberg et al., several
studies have shown transfer improvement in WM tasks
that were not part of the training program (Table 1)
[34,35,37-40]. In several of these studies the active control

Box 1. Methodological aspects of the evaluation of
cognitive interventions

The principles for studying cognitive training are the same as those
for evaluating other medical interventions and pharmacological
treatments. Some of the issues to consider include:

e Including an active control group. In pharmacological terminol-
ogy, this is the placebo group. The active control group receives a
believable alternative treatment to control for effects of expec-
tancy, which is known to effect cognitive performance [78].
Computerized cognitive training also involves several non-
specific aspects, such as adherence to a training schedule, visits
to a clinic, use of a computer, etc. A passive control group or wait-
list control group does not control for any of these effects.

e Evaluating transfer. Repeated performance of a task always leads
to improved performance on that particular task. The important
question, both theoretically and for the possible usefulness of
training, is the extent to which the training can be generalized to
non-trained tasks. The level of transfer can be difficult to quantify.
It could be graded from: (i) transfer within the same domain (e.g.
WM) but to other stimuli and a different response mode; (ii)
transfer to other cognitive constructs (e.g. from WM to non-verbal
reasoning); ideally, such effects should be evaluated by latent
variables created from several tasks [79]; to (iii) transfer to
everyday behavior. For clinical purposes, the ultimate goal is
often to affect quality of life. Evaluation of the cognitive aspects of
behavior is methodologically difficult. Rating scales are com-
monly used, but these are subjective and relatively coarse.
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Ref. Training Population Control group Transfer to WM Transfer to other Transfer to
(age in years) cognitive tasks reasoning

[34] CWMT ADHD Active Span board” Stroop” Raven CPM"
(7-15)

[35] CWMT ADHD Active Span board” Stroop” Raven CPM”™
(7-12)

[39] CWMT Stroke patients Passive Span board” PASAT" Raven SPM, n.s.
(34-65) Stroop, n.s.

[40] CWMT, spatial Healthy volunteers Active Word span” CPT” Block design, n.s.
(4-5) Go/no go, n.s.

[37] CWMT Low WM Active Complex span* Mathematical WASI, n.s.
(8-11) Instruction WM™ reasoning”

[38] CWMT ADHD Repeated Complex span” WASI, n.s.
(8-11) baseline

[45] n-back, lists Healthy volunteers Passive n-back” Recall of nouns” Raven APM, n.s.
(20-70) Digit span, n.s.

[46] n-back Healthy volunteers Passive n-back”
(20-80) Complex span, n.s.

[47] n-back, dual Healthy volunteers Passive Digit span” BOMAT"
(mean age 26) Complex span, n.s.

2CWMT, computerized WM training, as described by Klingberg et al. [35]; CPM, colored progressive matrices; SPM, standard progressive matrices; PASAT, paced auditory
serial addition task; CPT, continuous performance task; WASI, Wechsler abbreviated scale of intelligence; APM, advanced progressive matrices; BOMAT, Bochumer Matrizen

test.
"Significant change compared to control group; n.s., tested but not significant.

group performed non-adaptive WM training (repeated per-
formance of WM tasks at a level far below the capacity
limit), which provides a more stringent control than pass-
ive control groups [34,35,37].

Two studies reported transfer effects in many different
types of WM tasks, including complex span tasks, which
have the dual requirement of performing a task while
keeping information in mind, even though no such tasks
were included in the training program [37,38]. In another
study, pre-school children performed WM training exclu-
sively with visuospatial WM tasks, but showed significant
improvement on a verbal WM task, thus clearly demon-
strating generalization between modalities [40]. Transfer
was also demonstrated by improvement in an ecologically
relevant WM task called a ‘following instructions task’,
which consists of remembering and performing instruc-
tions of increasing length (‘take the blue pen and put it in
the red box’). In these studies (Table 1), improvements in
tasks that were part of the training program were approxi-
mately 30-40%, whereas improvements in non-trained
WM tasks were ~15%, with effect sizes (Cohen’s d) relative
to the control group of approximately 1.0 [35,37].

Taken together, these studies suggest that this WM
training program [35] inspired by perceptual training
methods leads to improvements in general WM capacity,
as evidenced by improved performance in non-trained
tasks varying in the type of material and mode of testing.
The effect remained significant at 3-month [35] and 6-
month [37] follow-up testing. These findings are thus
consistent with the notion of training-induced plasticity
in a common neural network for WM.

Improvement in inhibition, reasoning and inattentive
behavior

Inhibitory functions and reasoning are closely related to
WM [1,41]. Potential transfer effects of WM training to
performance in non-WM tasks were investigated in several
studies. Improvement in the Stroop task [42] was observed

in two training studies of children with ADHD [34,35], as
well as in young adults [33], but not in stroke patients [39].
However, it should be noted that control congruent trials
were not included in these studies. It is thus not clear if the
improvement observed is specific to inhibition or more
generally to top-down attention. In a study of normal
preschool children [40], trained children made fewer com-
mission errors in a continuous performance task [43], but
not in a go/no-go task. Improvements in reasoning tasks
are weaker than for untrained WM tasks (effect size of 0.4)
[35] and sometimes non-significant (Table 1) [37]. These
inconsistencies could possibly be due to differences be-
tween populations and the specific tasks used to assess
transfer effects.

WM training in children with ADHD led to a significant
decrease in the number of inattentive ADHD symptoms in
a controlled study that was evaluated by blinded raters
[35] and in a pilot study of children with attentional
problems from low socioeconomic status background
[44]. A decrease in cognitive symptoms was also noted in
a study of stroke patients [39]. This is consistent with the
hypothesized overlap between neural mechanisms under-
lying the control of attention and those responsible for WM
(see above).

WM training focusing on updating
The training program described above focused on training
and increasing WM capacity, primarily by increasing the
amount of visuospatial information that should be
retained. Another approach to WM training also uses
the principles of implicit training, but focuses specifically
on updating, namely the replacement of old information in
a hypothetical WM store with new information [45-47].
In a study by Dahlin et al., young and old healthy adults
practiced three computerized updating tasks for 45 min
per session, three times a week for 5 weeks (11 h of training
in total) [45]. During training, participants were presented
with lists of letters, digits, colors or spatial locations, and at
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the end of the list recalled the last five items. Difficulty was
adjusted by presenting longer lists but not changing the
number of items to be recalled, that is, the load. Compared
to a passive control group, the younger training group (but
not the older group) improved significantly in a non-
trained 3-back WM task, an effect that remained signifi-
cant at 18-month follow-up testing. However, there was no
improvement in three other WM tasks (forward or back-
ward digit span and a computation span task) nor on
Raven’s advanced progressive matrices. Li and collabor-
ators evaluated the effect of updating training in young
and old adults, with 45 days of 15-min training (total 11 h)
[46]. The training tasks were two versions of a spatial 2-
back task. Both the young and old training groups
improved in a spatial and a numerical 3-back task, but
there were no improvements in two complex span tasks (a
rotation span and a computation span task). In both stu-
dies the only significant transfer within the WM domain
was to other WM tasks sharing the updating, or n-back
mode of stimulus presentation, suggesting that the im-
provement was restricted to task-specific aspects of the
updating tasks [45,46].

A slightly different approach was used in a study by
Jaeggi et al. in which participants were trained on a dual n-
back task with simultaneous matching of both positions
and numbers to previously presented items [47]. Difficulty
was adjusted by increasing the length of the lag, starting
with 1-back and proceeding as high as 5-back at the end of
training. Participants trained for 25 min per day for 8-19
sessions (maximum training time ~8 h). Compared to a
passive control group, training improved performance in a
digit span task and a test of non-verbal reasoning, the
Bochumer Matrizen test (BOMAT). Significant improve-
ment emerged between 12 and 17 days of training. The
transfer effect on non-verbal reasoning is interesting and
consistent with previous reports of improvement in the
Raven colored progressive matrices in children with ADHD
after WM training [34,35].

It should be noted that these studies on updating [45-
47] did not include an active control group and thus did not
control for non-specific effects of being in the training group
(Box 1). Much greater transfer was observed in the study
by Jaeggi et al. [47] than in the other two studies on
updating [45,46]. This might be because of the dual-task
paradigm or due to the adaptive paradigm used by Jaeggi
et al., whereby the amount of information to be kept in
mind is gradually increased. The studies by Klingberg et al.
[34,35] and Holmes et al. [37] identified training effects
that were specific to the adaptive training compared to the
non-adaptive training performed by the control groups.
Load adaptation and extensive training (at least 3 weeks,
or 8 h) could thus be two important factors for effective WM
training.

Neural correlates of WM training

Identifying the neural correlates of training-induced
improvements has many caveats, since there are many
parallel behavioral changes occurring during the course of
training (Box 2). Furthermore, the aspects of brain activity
associated with superior capacity are still a matter of
debate. However, the majority of studies indicate a positive
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Box 2. Methodological issues in neuroimaging of training

e Strategies can change during training. For example, a novice
golfer might perform subvocal rehearsal of the instructions from
his golf teacher while teeing up, but rely on non-verbal routines
after a few months of practice. If the player were scanned during
the course of practice, we would expect to see activation of
language-related regions at the beginning of practice, followed by
a gradual decrease in activation. This decrease in activity would
probably be correlated with improved performance, but is not the
underlying cause of the improved golfing performance, which
presumably is to be found in the regions controlling motor
functions of the arms and the body rather than the tongue.
Similarly, performance of a novel task might initially require WM
for the rules and stimulus-response mapping. Consistent stimu-
lus-response mapping leads to automaticity and presumably
decreased prefrontal activity.

Repeated presentation of the same stimuli leads to priming, with
faster identification, faster decisions and faster response time.
Priming is consistently associated with decreased activity in
sensory association areas, as well as the prefrontal cortex [80].
Although this priming is central in perceptual learning, it might be
a parallel process not of primary interest in cognitive training
studies.

e Changes in strategies, as well as priming, lead to a decrease in
time-on-task. This is not the same as stating that metabolic brain
activity per time unit decreases and that the brain is more
‘efficient’. Relating brain activity to time-on-task is rendered more
difficult by the fact the BOLD signal fluctuations detected by fMRI
are non-linearly related to underlying brain activity [81,82].

In defining ‘practice’, repeated performance, task-specific im-
provement and enhancement of an underlying ability are not the
same. Generating a verb from a given noun might be faster the
second time the nouns are heard (task-specific improvement) but
this is not an indication that the vocabulary, fluency or verbal 1Q
(the underlying ability) has increased.

correlation between WM capacity and brain activity in
task-relevant areas. Inter-individual differences in WM
capacity have been positively correlated with activity in
the intraparietal cortex [15-19] (but see also [48]). The WM
capacity increase during childhood is also mainly posi-
tively correlated with brain activity in task-relevant areas
of the intraparietal sulcus and prefrontal cortex [20-25]
(but see also [49]). Conversely, the decline in WM during
aging is mostly associated with a decrease in activity [50],
although there might be different trends in different
prefrontal areas [51]. In line with these results, neural
network models suggest mechanisms by which higher
BOLD activity would be associated with better capacity
[26,27,52].

Table 2 summarizes functional magnetic resonance
imaging (fMRI) studies that have investigated the effect
of repeated performance of WM tasks on brain activity.
Most of these studies only included short periods of
repeated performance of WM tasks. Only four evaluated
transfer to non-trained tasks, and are thus informative on
the question of correlates of training-induced increase in
capacity, and are summarized below.

The study by Olesen et al. [33] used the same method as
in previous behavioral studies by Klingberg and collabor-
ators [34,35]. In a first experiment, subjects were scanned
multiple times before training and then once after training.
Easy WM tasks were performed during scanning to achieve
ceiling effects to avoid differences in behavior during scan-
ning. In a subsequent experiment, subjects were scanned
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Improvement in non-trained tasks Findings

Reference Task Amount of practice
[57] Face DMS 30 min

[73] Object and spatial WM 40 min

[74] Visuospatial DMS 45 min

[75] Verbal WM 45 min

[76] Object and spatial WM 2h

[77] Visuospatial n-back Asked to practice daily for 4 weeks
[54] Object WM 10 h over 10 days
[63] Updating tasks 11 h over 5 weeks
[33] Visuospatial WM 12 h over 5 weeks
[55] Verbal WM 20 h over 10 weeks

Not evaluated
Not evaluated
Not evaluated
Not evaluated
Not evaluated
Not evaluated

| prec, parietal, occ

| prec, parietal, occ
|dlpfc, parietal, cing

| dlpfc, frontopolar
|parietal, inf frontal
Tparietal, dipfc at 2 weeks
| after 4 weeks

1 dlpfc, parietal

| cing, dlpfc, parietal

1 caudate

|dlIpfc, parietal

1 dlpfc, parietal, caudate
| cing

1 left inf frontal

For trained categories
Updating tasks
Verbal and visuospatial WM

Verbal WM

2DMS, delayed matching to sample; prec, precentral sulcus; occ, occipital; dipfc, dorsolateral prefrontal cortex; inf, inferior; cing, cingulate cortex; T, increase in activation; |,

decrease in activation.

repeatedly during the course of training and the change in
brain activity was correlated with the change in perform-
ance outside the scanner. Increased activity in prefrontal
and parietal cortex was observed in both experiments
(Figure la) and in the caudate nucleus in the second
experiment.

In the study by Dahlin, the focus was on training of
updating [53]. Analysis of the behavioral effect of this
training revealed improvement in a non-trained updating
task, but not in other WM tasks [45]. Training was associ-
ated with increased activity in the caudate nucleus
(Figure 1b), but with decreased activity in parietal and
prefrontal cortex. A group of older subjects lacked activity
in the caudate nucleus at baseline, which was interpreted

as the reason for the lack of transfer to the 3-back task in
this group.

Moore and collaborators asked participants to practice
categorization of complex visual objects [54]. Performance
on a WM task with the trained categories of objects was
compared to that for a WM task with novel objects. This
training was thus focused on visual perception rather than
WM capacity, but training resulted in higher accuracy for
trained categories. Finally, the study by Wexler et al.
included eight subjects with schizophrenia [55]. The three
subjects who improved also showed increased prefrontal
activity.

One consistent pattern in Table 2 is that short periods of
training (<3h) resulted in decreased brain activity,

D1 BP post

D1 BP pre

TRENDS in Cognitive Sciences

Figure 1. Training-related effects on brain activation and dopamine receptor density from neuroimaging studies. (a) Increases in frontal and parietal activity after training of
WM (reproduced with permission from [33]). (b) Increased activity in the caudate nucleus after training of WM tasks requiring updating (reproduced with permission from
[53]). (c—e) Results from study by McNab et al. [58]. (¢) Density of dopamine D1 receptors. (d) Regions of interest based on activation during visuospatial WM tasks versus
control tasks. (e) Relation between pre- and post-training measures of dopamine D1 receptors and gain in WM capacity based on the regions of interest specified in (d).
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whereas studies with longer periods of training showed a
mixture of increases and decreases in different brain areas.
One possible interpretation of this pattern is that increases
in capacity are positively correlated with activity in the
intraparietal cortex, middle and superior frontal gyri and
caudate nucleus, but that this effect co-occurs with, and can
sometimes be dominated by, decreases related tolearning of
strategies, priming during encoding and time-on-task
effects (Box 2). A similar interpretation has been proposed
for the effects of motor training, in which within-session
effects were differentiated from long-term training effects
[56]. The training effects in the study by Olesen et al. were
localized to the prefrontal and parietal cortex, rather than to
sensory association cortex [33]. These effects thus poten-
tially indicate the involvement of the same multi-modal
frontoparietal network. The frontoparietal effect might thus
provide the basis for transfer between different WM tasks
and to control of attention. Two studies found training-
related changes in the basal ganglia [33,53], which have
been associated with selection of relevant information in
WM tasks [17] and might provide a more general mechan-
ism that mediates improvement between different tasks.
However, the methodological issues are complex and further
studies are needed before any firm conclusions can be
drawn. In particular, more studies that quantify the amount
of priming and transfer and relate these directly to changes
in brain activity are desirable. It would also be informative
to separate cue- and response-related activity from main-
tenance activity [57].

A role for dopamine in cognitive training?
In addition to studying brain activity, McNab and col-
leagues investigated effects of WM training on the density
of dopamine D1 and D2 receptors [58]. The dopamine
system is of particular interest in WM training because
dopamine is important for WM performance [59,60] and
neuronal plasticity [61]. After 5 weeks of training, the
increase in WM capacity for each subject compared to
baseline was correlated significantly with changes in cor-
tical D1 but not subcortical D2 receptors. This effect was
mostly driven by a decrease in the number of D1 receptors,
but was better explained by a non-linear, inverted-U func-
tion (Figure 1c-e). The decrease is consistent with animal
studies showing that small amounts of D1-blocking agents
can enhance WM-related activity, whereas large doses
impair WM [62,63]. However, the causality in the study
by McNab et al. is not clear. It is possible that intensive
daily training on WM tasks resulted in increased endogen-
ous release of dopamine during training, which led to an
adaptive change in the density of dopamine receptors.
However, it is also possible that dopamine plays a causal
role and that WM training improves capacity partly by
tuning dopaminergic transmission. If this is the case,
transfer of training effects between cognitive functions
might be explained not only by similarities in the under-
lying brain areas [33], but also by the underlying neuro-
transmitter systems they recruit, which is a different
principle for translation of training effects to non-trained
functions.

Support for the causal role of dopamine in inducing
the training effect comes from a study indicating that a
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polymorphism in the DAT-1 receptor affects the outcome of
training [64]. Unfortunately, the study was underpowered
(n =29) and the results did not reach significance, but
might provide an interesting starting point for future
studies of the genetics of cognitive plasticity. Knowledge
of the biochemistry of training-induced plasticity could
lead to new paradigms, combining cognitive training with
pharmacological intervention.

Concluding remarks

WM training can induce improvements in performance in
non-trained tasks that rely on WM and control of atten-
tion. This transfer effect is consistent with training-
induced plasticity in an intraparietal-prefrontal network
that is common for WM and control of attention. Adap-
tive training that focuses on control of attention could
have similar effects and has shown promising results
[65].

The observed training effects suggest that WM training
could be used as a remediating intervention for individuals
for whom low WM capacity is a limiting factor for academic
performance or everyday life. The training-induced
improvements observed in remembering an instruction or
solving mathematical problems [37] underline the potential
relevance of such training for education. However, training
outside the laboratory setting involves many practical pro-
blems, such as assuring compliance over extended periods of
training. For shorter training periods and without control of
the training quality, there will be negligible effects, as
illustrated in a study in which 10 min of unsupervised daily
cognitive training three to four times per week did not result
in any measurable cognitive effects [66].

There are many questions yet to be answered regarding
WM training, such as the optimal duration and spacing of
training to achieve transfer and durable improvements,
the role of reward and motivation, age-dependent and
other inter-individual differences in training potential,
and upper limits for improvement.

The research on WM training reviewed in this article
represents just the beginning of a new research field that
explores the possibilities for enhancing cognitive functions
by training. This field faces an even larger set of questions.
Although plasticity is probably the rule, some functions
might be more easily trainable than others. One study, for
example, found that the training paradigm used for WM
tasks did not work for training of inhibitory tasks [40].
Another challenge will be to explore individualized train-
ing regimes whereby training on several cognitive tasks is
combined and to investigate combinations of cognitive
training with pharmacological treatment and physical
exercise.
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