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Transfer after Dual n-Back Training Depends on Striatal
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The dual n-back working memory (WM) training paradigm (comprising auditory and visual stimuli) has gained much attention since
studies have shown widespread transfer effects. By including a multimodal dual-task component, the task is demanding to the human
cognitive system. We investigated whether dual n-back training improves general cognitive resources or a task-specific WM updating
process in participants. We expected: (1) widespread transfer effects and the recruitment of a common neuronal network by the training
and the transfer tasks and (2) narrower transfer results and that a common activation network alone would not produce transfer, but
instead an activation focus on the striatum, which is associated with WM updating processes. The training group showed transfer to an
untrained dual-modality WM updating task, but not to single-task versions of the training or the transfer task. They also showed
diminished neuronal overlap between the training and the transfer task from pretest to posttest and an increase in striatal activation in
both tasks. Furthermore, we found an association between the striatal activation increase and behavioral improvement. The control
groups showed no transfer and no change in the amount of activation overlap or in striatal activation from pretest to posttest. We
conclude that, instead of improving general cognitive resources (which would have required a transfer effect to all transfer tasks and that
a frontal activation overlap between the tasks produced transfer), dual n-back training improved a task-specific process: WM updating of
stimuli from two modalities.
Key words: dual n-back; fMRI; training; transfer; working memory

Significance Statement
The current study allows for a better understanding of the cognitive and neural effects of working memory (WM) training and
transfer. It shows that dual n-back training mainly improves specific processes of WM updating, and this improvement leads to
narrow transfer effects to tasks involving the same processes. On a neuronal level this is accompanied by increased neural
activation in the striatum that is related to WM updating. The current findings challenge the view that dual n-back training
provokes a general boosting of the WM system and of its neural underpinnings located in frontoparietal brain regions. Instead, the
findings imply the relevance of task-specific brain regions which are involved in important cognitive processes during training
and transfer tasks.

Introduction
Several studies have shown that working memory (WM) can be
trained (Lustig et al., 2009; von Bastian and Oberauer, 2014; Au et
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al., 2015). Dual n-back is a WM training paradigm that includes
two simultaneous n-back streams, which, in the important bimodal dual n-back version, consist of simultaneous auditory and
visual n-back tasks. Therefore, the task entails WM and dual-task
components. Dual n-back training may improve fluid intelligence (Jaeggi et al., 2008; but see Redick et al., 2013) and some
studies have shown transfer from dual n-back training to executive functions and attention (Salminen et al., 2012; Lilienthal et
al., 2013). These widespread effects suggest that the task’s complexity might be optimal in boosting cognitive resources in a
general way instead of improving merely narrow, task-specific
processes.
By applying functional magnetic resonance imaging (fMRI),
we investigated whether dual n-back training improves cognitive
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Figure 1. The study design.

resources in a general way or, alternatively, rather task-specific
processes. The neural underpinnings of dual n-back training are
still unsolved (but see Takeuchi et al., 2010). A bimodal n-back
task presumably engages the prefrontal cortex (PFC) more
strongly than a single-modality task because activations in the
frontoparietal WM network correlate with both verbal and visuospatial WM (Klingberg, 2006; Takeuchi et al., 2011). Recent
models place multimodal integration and dual-task coordination
into the PFC, which is also responsible for other executive functions (Baddeley and Della Sala, 1996; Miller and Cohen, 2001).
Support for the hypothesis of a general improvement in cognitive resources comes from transfer effects after dual n-back
training to tasks that conceptually only slightly overlap with the
dual n-back (Jaeggi et al., 2008). Training of the general frontoparietal WM network should lead to improvements of the cognitive functions that use the same network (Klingberg, 2010). This
general overlap hypothesis predicts that if training considerably
engages the frontoparietal WM network and the transfer task
generates a similar activation pattern, then (a) extensive training
of this network produces a general boosting of cognitive resources, and (b) overlap of the neural activations promotes transfer (see also: Jonides, 2004).
An alternative hypothesis predicts that WM training effects
transfer only if training improves specific cognitive processes required in both training and transfer tasks. Dahlin et al. (2008)
found transfer after WM updating training to an n-back task that
resembled the training task regarding updating processes, but not
to a Stroop task that involved inhibition but not updating processes. By investigating neural activation patterns, the authors
showed that an activation overlap by the three tasks in the frontoparietal WM network did not produce transfer; decisive was an
overlapping activation by the training and the n-back task in the
striatum, and a training-related increase in this overlap. Models
ascribe WM updating processes to the striatum (O’Reilly and
Frank, 2006; O’Reilly, 2006). Therefore, training had been
process-specific (involving WM updating) and it did not lead to a
general cognitive boosting (see also Kühn et al., 2013).
By testing near transfer effects (Karbach and Verhaeghen,
2014) to other WM tasks and the related neural changes, we
aimed at elucidating the preconditions for transfer and the nature
of training effects after dual n-back training. If dual n-back training boosts general cognitive resources, we expected (1) general
improvements in several untrained single versions of the n-back
(auditory-verbal and visuospatial), and transfer to untrained
WM updating tasks (single auditory-verbal, single visuospatial,

and dual-modality) after dual n-back training. Also, (2) neuronal
overlap of the general frontoparietal network between the training and transfer task should then produce transfer.
Alternatively, if dual n-back training improves rather narrow
task-specific processes, we expected transfer only to the dualmodality WM updating task, but not to single n-back and single
WM updating tasks because the participants do not train to process these stimuli separately. Importantly, transfer should be associated with increased activation in an updating-process specific
region, the striatum.

Materials and Methods
Subjects
Eighteen participants took part in the dual n-back training program
(mean age 24.4 years, SD 4.0 years, range 20 –32 years, 6 male). Because
we were specifically interested in the significance of the unique complexity of the task due to the dual-task component, an active control group
was recruited to train on the single subtasks of the dual n-back—that is,
the auditory-verbal (AV) and the visuospatial (VS) n-back tasks—separately. Accordingly, another 18 participants were assigned to the single
n-back training program (mean age 24.1 years, SD 3.1 years, range 19 –29
years, 4 male). As a third group, 18 participants (mean age 25.0 years, SD
4.0 years, range 19 –33 years, 7 male) were assigned to a passive (nocontact) control group that did not undergo any training but attended
only the pretest and posttest sessions. The groups did not differ significantly in age or sex distribution (both p ⬎ 0.54). All participants were
right-handed and reported normal or corrected-to-normal vision and
normal hearing and received a compensation of 8 €/h for participation.

Procedure
Training took place on 16 consecutive days (excluding weekends); see
Figure 1 for study design. The training group trained on the dual n-back
task each day for 30 min and the active control group trained on each of
their training task (the AV and the VS single n-back tasks) each day for 30
min Because the training time of the active control group was thus altogether ⬃60 min each day, the training group watched a 30 min documentary film at the end of each training session. This ensured that the
participants of the training and the active control group spent the same
amount of time in the laboratory environment. The participants were not
informed about the purpose of the films.
Previous literature has shown significant training and transfer effects
after 3 weeks or 8 h of training (Jaeggi et al., 2008; Klingberg, 2010). The
training dose in the present study adds up to altogether 8 h, and thus is in
accordance with the recommendations of these studies. Before and after
the training period, all participants attended an MRI-scanning session as
well as behavioral pretests and posttests. The behavioral pretests and
posttests were administered to compare behavioral changes between the
groups, more specifically to assess the control groups’ behavioral changes
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in the dual n-back task and the training group’s behavioral changes in the
single n-back tasks (in the scanner, the tasks included only the levels 0and 2-back, which would have not provided a reliable assessment of
improvements). The posttraining scanning session took place on the day
directly after the final training day (equivalently for the passive control
group who did not attend training). Before the first experimental session,
each participant was informed about the experimental procedure. In
addition, the participants filled out a questionnaire to ensure their suitability for MRI measurement, were informed about the MRI method,
and signed an informed consent form. At the end of the first session, the
participants were given the instructions for the fMRI tasks and, finally,
they practiced each task for two runs. The participants in the training
group and the active control group were at this point not yet informed
about what their training task would be.

Dual n-back task. The dual n-back task consisted of simultaneously presented AV and VS n-back tasks (Buschkuehl et al., 2007). In the AV task,
participants were presented with letters through headphones and, in the
VS task, they saw blue squares in eight different locations on the computer screen. The letters and squares were presented simultaneously so
that each stimulus appeared for 500 ms, followed by a 2500 ms interstimulus interval. Each training session started on the n-back level 2 so
that the participants were instructed to react whenever a currently presented item was the same as the item presented 2 steps back. However, in
each training session, the task was adaptive so that, when the participant
responded at least 90% correct in both tasks, he or she advanced to the
next level (e.g., from 2-back to 3-back). If the participant responded 70%
or less correct during a run in either of the tasks, he or she fell to a lower
level (e.g., from 3-back to 2-back), with the lowest possible level being
1-back. In any other case, the n-back level remained constant. Participants received feedback on their performance after each block and were
informed about the n-back level of the next run. Each training session
comprised 20 runs and each run included 20 ⫹ n trials (e.g., a 2-back run
consisted of 22 trials). Participants were instructed to press the key “L”
with the right index finger for the AV targets and the key “A” with their
left index finger for the VS targets. The task was self-paced and participants could start a new block by pressing the spacebar. In the behavioral
pretest and posttest (outside the scanner), the task was the same as during
training with 12 runs.
Single n-back tasks. The single n-back tasks were the component (AV
and VS) tasks of the dual n-back task. The stimuli, response keys and
mappings, starting n-back level, feedback, and rules of adaptiveness were
equal to the dual n-back task. However, the active control group never
practiced the AV and VS task simultaneously, but rather, in each training
session, the tasks were trained as single tasks with 20 runs of each task.
The order of the AV and the VS task was counterbalanced so that every
other training session started with one of the tasks and every other session
with the other task. In the behavioral pretest and posttest (outside of the
scanner), the task was the same as during training with six runs in the AV
and the VS task each.

blue square (VS). There were six blocks of 10 n-back runs of each task (an
n-back run refers to one condition in the task, e.g., VS 2-back) and each
run included 10 trials. Therefore, there were altogether 18 task blocks.
The blocks were presented in random order with a task instruction screen
presented before each block. In addition, there were four baseline blocks
during which the participants were presented with a fixation cross in the
middle of the screen for 30 s. Responses were given for targets only using
the right index finger for the AV stimuli and the left index finger for the
VS stimuli (in accordance with the training task).
WM updating transfer tasks. The WM updating transfer task was based
on the letter memory task by Miyake et al. (2000). It consisted of three
blocks: an AV, a VS, and a dual-modality block in which the AV and VS
stimuli were presented simultaneously. The order of the AV and the VS
blocks was counterbalanced, half of the participants started with the AV
block and the other with the VS block; all participants performed the
dual-modality block as last. For each participant, the order of the AV and
the VS block was the same at pretest and at posttest. All blocks included
nine sequences of items and the lengths of the sequences varied randomly
so that a sequence could comprise 7, 9, 11, 13, or 15 items. The participants were unaware of the length of the ongoing sequence and they were
asked to constantly update the contents of their WM. In the AV task, the
participants were presented with the numbers 1, 2, 3, and 4 through
headphones sequentially in a random order. After each sequence, the
participant was asked to report the last four numbers in the correct order,
starting from the fourth last and ending with the last presented item. The
participants were asked to respond as correctly as possible, keeping in
mind that they had 8 s after the question to report the last 4 items and
then the task would continue automatically. The participants used their
right hand to give responses: index finger for 1, middle finger for 2, ring
finger for 3, and little finger for 4. After each response phase, a fixation
cross was presented for 10 s and this time was used as a baseline period in
the fMRI analyses. The procedure of the VS block was similar to the AV
block, but the stimuli consisted of black bars presented one by one in four
different locations from bottom to top on the screen. The participants
used their left hand for the responses: the index finger for a bar presented
in the lowermost part of the screen, the middle finger for a bar presented slightly below the midline of the screen, the ring finger for a bar
presented slightly above the screen, and the little finger for a bar presented on the uppermost part of the screen.
The dual n-back training task and the WM updating transfer tasks
were characterized by a number of similarities and differences. All tasks
engaged WM updating processes, so this process was shared by the training and the transfer tasks. However, the task conditions differed with
respect to stimuli (squares and letter in the n-back tasks vs bars and digits
in the updating transfer tasks) and task rules (single-modality vs dualmodality; recognition of previously presented items in the n-back tasks vs
recollection of items in the updating transfer tasks). With these characteristics, the tasks were near transfer tasks by definition of Karbach and
Kray (2009; see also Karbach and Verhaeghen, 2014) and this allowed us
to approach our research question by controlling the degree of similarity
between the training and transfer tasks.

fMRI tasks

fMRI data acquisition

In the scanner as the participants lay on their backs, the two response
devices (one for each hand) were placed on their legs. Both devices included four response buttons that were placed horizontally next to each
other. In the n-back task, only the innermost buttons were needed; that
is, the innermost button of the left response device for the left forefinger
and the innermost button of the right response device for the right forefinger. In the WM updating transfer tasks, all buttons were required so
that there was one button for each finger except for the thumbs.
n-back tasks. The stimuli in the fMRI n-back tasks were the same as in
the training tasks. However, the tasks were not adaptive and the n-back
levels were 0-back and 2-back in all versions of the n-back task: single AV,
single VS, and the dual n-back. Note that the administration of nonadaptive versions in the fMRI sessions ensured that an equally effective memory load of 0 or 2 items could be associated with the resulting fMRI
activity across subjects. In the 0-back task, the participants were instructed to respond to a certain letter (AV) and to a certain position of the

Images were acquired with a 3.0 T Siemens Magnetom Trio –scanner
using a 12-channel radiofrequency head coil. First, high-resolution T1weighted 3D MPRAGE structural volumes were collected (repetition
time ⫽ 2500 ms, echo time ⫽ 4.77 ms, acquisition matrix ⫽ 256 ⫻ 256 ⫻
176, flip angle ⫽ 7°, voxel size ⫽ 1 ⫻ 1 ⫻ 1 mm 3). Subsequently, for
BOLD signal acquisition during the fMRI tasks, whole-brain functional
images were collected using a T2*-weighted echoplanar imaging sequence (repetition time ⫽ 2000 ms, echo time ⫽ 30 ms, image matrix ⫽
64 ⫻ 64, field of view ⫽ 216 mm, flip angle ⫽ 80°, slice thickness ⫽ 3.0
mm, distance factor ⫽ 20%, voxel size ⫽ 3 ⫻ 3 ⫻ 3 mm 3, 36 axial slices,
using GRAPPA). Images were aligned to the anterior–posterior commissure line.
All participants first completed in the scanner the n-back task divided
into two blocks (both blocks including single and dual n-back runs of
each level of n in a random order), after which the WM updating tasks
were completed.

Training tasks
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Table 1. Pretest and posttest performance and the effect sizes for pretest and posttest comparisons in the training group and the active and passive control groups in each
task
Training group
Active control group
Passive control group
Task
a

Dual n-back in mean achieved n-back level
Single n-back in mean achieved n-back level
Auditory
Visual
Dual WM updatingb performance in trials correct
Single WM updatingb performance in trials correct
Auditory
Visual

Pretest

Posttest

d

Pretest

Posttest

d

Pretest

Posttest

d

2.68 (0.53)

4.74 (1.05)

2.48

2.45 (0.56)

3.67 (0.83)

1.72

2.59 (0.73)

2.98 (0.87)

0.49

3.32 (0.48)
3.62 (0.43)
2.06 (1.35)

4.18 (0.47)
4.17 (0.36)
3.67 (1.75)

1.81
1.39
1.03

3.06 (0.61)
3.31 (0.56)
1.50 (1.15)

4.27 (0.36)
4.23 (0.46)
1.89 (2.05)

2.42
1.80
0.23

3.32 (0.56)
3.46 (0.62)
1.35 (1.32)

3.53 (0.50)
3.64 (0.48)
1.71 (2.11)

0.40
0.32
0.20

5.00 (2.09)
3.94 (2.26)

6.39 (1.75)
5.06 (2.04)

0.72
0.52

5.00 (2.52)
4.11 (2.05)

6.11 (2.22)
5.56 (1.54)

0.47
0.80

4.82 (2.04)
4.12 (2.18)

6.18 (1.70)
4.88 (1.58)

0.72
0.40

Data are shown as means (SD).
a
Training group includes 17 participants in the dual n-back task.
b
Passive control group includes 17 participants in the WM updating tasks.

fMRI data analyses
Preprocessing. fMRI analyses were performed using SPM8 software
(Wellcome Trust Centre for Neuroimaging, Institute of Neurology, University College London, UK; http://www.fil.ion.ucl.ac.uk/spm/). Each
functional dataset was corrected for slice timing, realigned and warped
into the standard MNI space (interpolated spatial resolution 3 ⫻ 3 ⫻ 3
mm), coregistered to the anatomical image, and finally smoothed using
an 8 mm FWHM Gaussian filter kernel.
Statistical analyses. First, in the single-subject level analysis, each task
(n-back, WM updating) was modeled and convolved with the canonical
hemodynamic response function. In the n-back task, we modeled each
task block for pretest and posttest separately (AV 0-back, VS 0-back, dual
0-back, AV 2-back, VS 2-back, and dual 2-back), excluding the task
instruction screen preceding each block. The duration of each task block
was 15,000 ms. In the WM updating task, we modeled only the updating
phase of each sequence (and not the response phase; see also: Dahlin et
al., 2008) separately for each task block (AV, VS, and dual) and for pretest
and posttest. The durations of sequences with 7, 9, 11, 13, and 15 items
were 11,000, 14,000, 17,000, 20,000, and 23,000 ms, respectively. The
design matrices of both tasks also included the six movement regressors.
Subsequently, in a group-level analysis, contrasts in each task were computed separately for pretest and posttest. In the n-back task, we computed the contrast [(2-back) ⫺ (0-back)] in each modality (AV, VS, and
dual). In the WM updating task, we contrasted the updating phase
against an implicit baseline.
For all analyses, a significant activation was reported at an overall
significance level of p ⬍ 0.05, corrected for multiple comparisons by a
combination of a minimum cluster size of 22 and an intensity threshold
of p ⬍ 0.001. These parameters were derived using a Monte Carlo simulation with the AlphaSim tool of the AFNI software package (Ward,
2000).
To test the general overlap hypothesis of transfer, we aimed at identifying brain regions that are commonly activated by the training task and
any task to which there was transfer. Because we found transfer in the
training group only to the dual WM updating task (other groups showed
no transfer; see Results), we analyzed overlap between the dual n-back
task and the dual WM updating task. For that purpose, we conducted a
conjunction analysis for Contrast 1: [(dual 2-back) ⫺ (dual 0-back)] and
Contrast 2: (dual WM updating ⫺ baseline) (Nichols et al., 2005). A
voxel was reported active only when it was significant for both contrasts,
Contrast 1 and Contrast 2. In other words, we tested for a rejection of the
conjunction null hypothesis: voxel (not activated in Contrast 1) or (not
activated in Contrast 2). The conjunction analysis was performed for
each group separately for pretest and posttest.
To foreshadow, the conjunction analysis revealed that all groups
showed overlapping activations between the two tasks at pretest (see
Results). Notably, whereas the active and passive control groups showed
similar overlap at posttest as at pretest, the training group showed less
overlap at posttest than at pretest. Because the training group was the
only group that showed a transfer effect, the results of the conjunction
analyses imply that an overlap in the general frontoparietal network
alone does not produce transfer. Therefore, we tested our hypothesis

about the role of training-related activation changes (i.e., increases or
decreases) in one or more brain regions that are associated with specific
cognitive processes. In particular, we looked at specific training-related
changes separately for the dual n-back task and the dual WM updating
task to investigate whether there are activation increases in the striatum
after dual n-back training (see also Dahlin et al., 2008).
In the n-back task, this analysis included [(dual 2-back pretest ⫺ dual
0-back pretest) ⫺ (dual 2-back posttest ⫺ dual 0-back posttest)] for
activation decreases after training, and [(dual 2-back posttest ⫺ dual
0-back posttest) ⫺ (dual 2-back pretest ⫺ dual 0-back pretest)] for activation increases after training. In the WM updating task, the analysis
included [(dual updating posttest ⫺ baseline posttest) ⫺ (dual updating
pretest ⫺ baseline pretest)] for activation increases after training and
[(dual updating pretest ⫺ baseline pretest) ⫺ (dual updating posttest ⫺
baseline posttest)] for activation decreases after training.

Results
Behavioral results
Due to a technical failure, the data of one participant from the
training group were not recorded in the pretest session of the dual
n-back task and the data of one participant from the passive
control group were not recorded in the pretest session of the WM
updating tasks. We excluded the data of these participants from
the analyses of the corresponding tasks.
Means and SDs for each task and group at pretest and posttest,
along with effect sizes (Cohen’s d) for group-specific pretest–
posttest comparisons are presented in Table 1. First, a multivariate ANOVA (MANOVA, Pillai’s trace) was conducted, with
group (training vs active control vs passive control) as a betweensubjects factor and session (pretest vs posttest) as a withinsubjects factor on the data of all tasks as dependent variables (i.e.,
the mean level of n in the behavioral n-back tasks and the number
of correctly reported items in the WM updating tasks. This analysis revealed significant main effects of Session (F(6,44) ⫽ 56.20,
p ⬍ 0.001, p2 ⫽ 0.89) and group (F(12,90) ⫽ 2.11, p ⬍ 0.05, p2 ⫽
0.22). Importantly, the Group ⫻ Session interaction was significant (F(12,90) ⫽ 6.45, p ⬍ 0.001, p2 ⫽ 0.46), which indicated that
there were reliable group-specific performance changes from
pretest to posttest.
Next, we report the follow-up analyses for each task. In the
behavioral data of the n-back tasks, we analyzed the mean
achieved n-back level of the adaptive version of the n-back task in
the behavioral pretest and posttest. For the WM updating task, we
analyzed the number of correctly reported four-item sequences
in each task (AV, VS, and dual). Separate mixed-design ANOVAs
for the n-back tasks and for the WM updating tasks were conducted with the factors group (training vs active control vs passive control) and session (pretest vs posttest).
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Figure 2. Top, Improvement in the performance of all groups from pretest and posttest in the dual n-back task (left), the auditory single n-back task (middle), and the visual single n-back task
(right). For each session, the mean n-back level is presented. Error bars indicate SEM. An asterisk indicates a significant difference between the groups. Bottom, Improvement in the performance of
all groups from pretest and posttest in the dual WM updating task (left), the auditory single WM updating task (middle), and the visual single WM updating task (right). For each session, the number
of correctly reported item sequences is presented. Error bars indicate SEM. An asterisk indicates a significant difference between the groups.

Training tasks
Figure 2 (top) depicts the mean achieved n-back level at pretest
and posttest for each group (training, active control, passive control) and task (dual n-back, AV single n-back, VS single n-back)
separately.
Dual n-back
The main effects of group (F(2,50) ⫽ 8.02, p ⬍ 005, p2 ⫽ 0.24) and
session (F(1,50) ⫽ 162.58, p ⬍ 0.001, p2 ⫽ 0.77) reached significance just as the important group ⫻ session interaction (F(2,50) ⫽
25.06, p ⬍ 0.001, p2 ⫽ 0.50). The latter indicates a differential
change from pretest to posttest between the groups, with the
training group showing the strongest improvement (M ⫽ 2.06),
followed by the active control group (M ⫽ 1.21) and followed by
the passive control group (M ⫽ 0.39) (Fig. 2). Follow-up analyses
revealed that, whereas the groups did not differ in their pretest
performance ( p ⫽ 0.85), all comparisons showed significant differences at posttest (training vs active control: p ⬍ 0.005; training
vs passive control: p ⬍ 0.001; active control vs passive control:
p ⬍ 0.05). As expected, the training group showed most benefit
from training by reaching the highest level of n-back (M ⫽ 4.75)
at posttest. However, the active control group also benefited from
the intervention because, at posttest, this group reached a significantly higher level of n than the passive control group (M ⫽ 3.67
and M ⫽ 2.59, respectively).

Single n-back
In the analysis of the AV single n-back task, the main effect of
session was significant (F(1,51) ⫽ 104.48, p ⬍ 0.001, p2 ⫽ 0.67). In
addition, the interaction between the factors group and session
reached significance (F(2,51) ⫽ 15.40, p ⬍ 0.001, p2 ⫽ 0.38).
Therefore, in this task, there were also differences in the amount
of improvement between the groups. However, here, the training
and the active control group showed an equal improvement
(M ⫽ 0.85 and M ⫽ 1.20, respectively), whereas the passive control group showed less change from pretest to posttest (M ⫽
0.21). This observation was confirmed with follow-up analyses
that showed that there was no difference in the posttest performance of the training and the active control group ( p ⫽ 0.53), but
the passive control group differed significantly from the other
two groups (both p ⱕ .001) (Fig. 2). There were no differences
between the groups at pretest ( p ⫽ 0.28).
The results for the VS single n-back task were similar. The
main effect of session was significant (F(1,51), p ⬍ 0.001,  p2 ⫽
0.49), as were the main effect of group (F(2,51) ⫽ 3.45, p ⬍ 0.05,
 p2 ⫽ 0.12) and the group ⫻ session interaction (F(2,51) ⫽ 7.50,
p ⬍ 0.005,  p2 ⫽ 0.23). Again, the training and the active
control group improved equally from pretest to posttest
(M ⫽ 0.55 and M ⫽ 0.93, respectively), whereas the passive
control group showed a smaller change (M ⫽ 0.18). Indeed, at
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posttest, there was no difference in the mean achieved n-back
level between the training group and the active control group
( p ⫽ 0.66) (Fig. 2). Conversely, the passive control group
differed significantly from both of the other two groups (both
p ⱕ .005). There were no differences between the groups at
pretest ( p ⫽ 0.23).
WM updating transfer tasks
Figure 2 (bottom) depicts the mean number of correctly reported
item sequences at pretest and posttest for each group (training,
active control, passive control) and task (dual WM updating, AV
single WM updating, VS single WM updating) separately.
Dual WM updating
All participants improved their performance from pretest to
posttest, as reflected by the significant main effect of session
(F(1,50) ⫽ 12.88, p ⬍ 0.01, p2 ⫽ 0.21). The main effect of group
was significant (F(2,50) ⫽ 4.39, p ⬍ 0.05, p2 ⫽ 0.15), as well as the
important group ⫻ session interaction, F(2,50) ⫽ 3.61, p ⫽ 0.05,
p2 ⫽ 0.13. To gain more insight into group-specific performance
changes, the pretest and posttest performances were compared
within each group separately. The comparison revealed that,
whereas the training group improved from pretest to posttest
significantly (t(17) ⫽ ⫺4.68, p ⬍ 0.001, Cohen’s d ⫽ 1.03), there
were no performance changes between the sessions in the active
or the passive control groups (both p ⬎ 0.39; Fig. 2). At pretest,
there were no differences between the groups ( p ⫽ 0.23). Altogether, these results point to robust transfer effects to the dual
WM updating task after training on the dual n-back task.
Single WM updating
In the AV single WM updating task, the main effect of session
reached significance (F(1,50) ⫽ 26.01, p ⬍ 0.001, p2 ⫽ 0.28), reflecting the observation that all groups showed a slight improvement from pretest (M ⫽ 4.94) to posttest (M ⫽ 6.23) (Fig. 2).
There were no other significant findings (all p ⬎ 0.88).
The results in the VS single WM updating were similar. Across
all groups, there was a significant improvement from pretest
(M ⫽ 4.06) to posttest (M ⫽ 5.16) (F(1,50) ⫽ 10.77, p ⬍ 0.01, p2 ⫽
0.18; Fig. 2). Other effects were not significant (all p ⬎ 0.71).
Imaging results
Commonalities of activation between training and
transfer tasks
To investigate commonalities (i.e., an overlap) between the activations in the dual n-back and the dual WM updating task (general overlap hypothesis), we conducted a conjunction analysis
between the dual 2-back task [contrast of (dual 2-back ⫺ dual
0-back)] and the dual WM updating task [contrast of (dual WM
updating ⫺ baseline)]. The general overlap hypothesis of transfer
predicts that we should see overlapping frontoparietal activations
between the training and the transfer task in the training group
and, by the time of posttest, this overlap should be the strongest
for the training group that has shown most transfer compared
with the other two groups. Therefore, we primarily focused the
analyses on those tasks between which we found transfer, the dual
n-back task and the dual WM updating task. We investigated the
neural overlap between the two tasks at pretest and at posttest for
each group separately. At pretest, we observed in all groups common frontoparietal activation along with joint activations in the
striatum (Tables 2, 3, 4, Fig. 3). These activations are consistent
with previous reports on WM-related neural networks, including
regions in the frontal (BAs 8, 9, 10, 44, and 46) and in the parietal
cortices. The subcortical activations reflect the involvement of
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these regions in WM updating processes as postulated by previous studies and models (O’Reilly and Frank, 2006; O’Reilly, 2006;
Dahlin et al., 2008). Most importantly, at posttest, the training
group showed clearly fewer overlapping regions between the two
tasks, especially in the frontal cortex, where some overlapping
regions remained only mainly in BAs 6 and 44 (Fig. 3, Table 2). In
particular, such reduced overlap of activation may be related to
more sparse and sharper neural representation of the relevant
task processes in the dual n-back task leading to a decrease of the
activation overlap with the dual-updating task after training (van
Turennout et al., 2000). There was still also an overlap in the left
striatum. With a more lenient threshold of p ⬍ 0.05 (uncorrected; keeping the cluster size of ⬎ 22 voxels), we additionally
observed overlap in the right striatum.
In contrast, for the active and passive control groups, the
analysis revealed that the number of overlapping neural regions either stayed constant or even increased from pretest to
posttest (Fig. 3, Tables 3, 4). That is, both control groups still
showed activation overlap in similar regions of the PFC at
posttest as at pretest, as well as in the parietal cortex and in the
bilateral striatum.
In sum, all groups showed neuronal overlap between the
training and the transfer task in the frontoparietal network at
pretest. At posttest, whereas both control groups still showed
overlap between the two tasks in this network, in the training
group, the overlapping regions had diminished. As can be seen
in Figure 3, this diminishment was especially expressed in
regions of the frontal cortex, that is, anteriorly to the central
sulcus. To justify statistically the visual impression of different
patterns of overlapping frontal activations between the three
groups as resulting from training, we conducted the following
analysis. First, we extracted the number of overlapping voxels
in the frontal cortex during performance of the two task types
in the pretest and posttest data for each participant. A one-way
ANCOVA between the three groups on the number of overlapping voxels at posttest, controlling for the amount of overlapping voxels at pretest, yielded a significant result (F(2,50) ⫽
3.76, p ⬍ 0.05,  p2 ⫽ 0.13). Importantly, because the training
group was the only group that showed transfer between the
dual n-back and the dual WM updating task, these results
imply that the common activation of a frontoparietal network
is not a decisive precondition for transfer between the two
tasks.
This claim is also supported when analyzing the pattern of
activation overlap for tasks other than the dual n-back and dual
WM updating tasks, namely the single versions of the n-back and
the WM updating tasks, for which we did not find transfer effects.
With this subordinate analysis, we found a similar pattern of
activation overlap in the frontoparietal network for all three
groups at pretest (Fig. 4), which is similar to the situation with the
dual-task versions; moreover, the overlap pattern changed in a
manner similar to the dual-task versions as a result of training. In
particular, we found that the amount of overlap decreased from
pretest to posttest significantly more for the subjects of the active
control group who trained the single n-back tasks compared with
the other two groups. This is supported by the results of corresponding ANCOVAs between the three groups on the number of
overlapping voxels at posttest with the number of overlapping
voxels at pretest as covariate (AV: F(2,50) ⫽ 4.58, p ⬍ 0.05, p2 ⫽
0.16; VS: F(2,50) ⫽ 11.20, p ⬍ 0.001, p2 ⫽ 0.31).
Notably, the participants of the active control group did not
show transfer effects from the n-back task situations to any of the
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Table 2. Regions in which overlapping activations were observed between the training task 关(dual 2-back) ⴚ (dual 0-back)兴 and the transfer task (dual WM updating ⴚ
baseline) in the training group at pretest and at posttest
Pretest

Posttest
Peak Talairach coordinates

Area

Location

BA

x

R Front.

IFG
MFG
IFG
MFG
MedFG
PrecG
SFG

44
10
6, 8, 44, 9, 46, 32

48
36
⫺27

L/R Front.

R Par.

L Par.
R Occ.
L Occ.
R Ins.
L Ins.
R Cereb.

IPL
SPL
Precun.
SPL
Precun.
LG
LG
Cuneus
Insula
Insula

y

Peak Talairach coordinates

z

t

12
41
1

19
25
44

6.02
4.64
8.40

CS

Area

Location

BA

124
63
1668

R Front.

IFG
MFG

44
6

L Front.

IFG
MFG
PrecG
IPL
Precun.

27

⫺58

46

9.34

1054

R Par.

⫺27

⫺67

23

10.19

1269

L Par.

18
18, 17

12
⫺15

⫺80
⫺80

⫺6
⫺8

4.31
5.43

48
116

R Occ.
L Occ.

13
13

33
⫺33
33
18
⫺30

22
22
⫺60
⫺77
⫺60

2
2
⫺30
⫺11
⫺30

4.75
4.07
7.28
4.31
3.99

44
38
169
48
23

R Ins.
L Basal
R Cereb.

7, 40

7, 39, 31

L Cereb.

SPL
Precun.
LG
LG
Cuneus
Insula
Striatum

x

y

z

t

CS

48
27

9
10

21
47

4.62
6.31

71
283

⫺27

4

49

6.06

1093

40

42

⫺40

43

6.11

1391

7

⫺30

⫺54

43

6.25

1052

17
18, 17

12
⫺18

⫺88
⫺73

4
0

1391
1391

13

⫺39
⫺21
39

25
5
⫺63

2
13
⫺30

4.53
3.94
4.71
4.24
5.02
5.51

⫺27

⫺61

⫺32

4.52

31

6, 44, 46

L Cereb.

38
1093
133

AlphaSim cluster size ⬎22, p ⬍ 0.001.
R, Right; L, left; Front., frontal; Par., parietal; Occ., occipital, Ins., insular; Cereb., cerebellum; BA, Brodmann area; CS, cluster size; IFG, inferior frontal gyrus; MFG, middle frontal gyrus; MedFG, medial frontal gyrus; SFG, superior frontal gyrus;
PrecG, precentral gyrus; IPL, inferior parietal lobule; SPL, superior parietal lobule; Precun., Precuneus; LG, lingual gyrus.

Table 3. Regions in which overlapping activations were observed between the training task 关(dual 2-back) ⴚ (dual 0-back)兴 and the transfer task (dual WM updating ⴚ
baseline) in the active control group at pretest and at posttest
Pretest

Posttest
Peak Talairach coordinates

Area

Location

BA

x

t

CS

R/L Front.

IFG
MFG
MedFG
IFG
MFG
MFG

6, 9, 45, 46

⫺33

1

41

6.50

915

44
6, 8
10

48
30
45

9
7
44

19
51
21

4.21
6.31
4.55

L Front.

MFG

10

⫺39

52

16

R Par.

Precuneus
IPL
Precuneus
IPL
MedOG
MedOG
MedTG

7, 40

42

⫺39

7, 40

⫺39

19
19
39

33
⫺33
36

R Front.

L Par.
R Occ.
L Occ.
R Temp.

L Basal
L Cereb.

Striatum

y

⫺15
⫺39

z

Peak Talairach coordinates
Area

Location

BA

69
302
78

R Front.

6, 8, 9
10

4.25

29

L Front.

42

6.35

816

R Par.

⫺48

36

7.24

862

L Par.

IFG
MFG
MFG
SFG
IFG
MFG
SFG
MFG
Precuneus
IPL
Precuneus
IPL

⫺76
⫺76
⫺70

10
12
17

4.56
4.45
4.56

816
862
816

3
⫺63

16
⫺30

4.84
4.45

915
862

L Temp.
L Ins.
L Basal
L Cereb.

STG
Insula
Striatum

x

y

z

t

CS

27
42

14
41

55
19

6.34
5.12

540
148

⫺3

14

49

9.71

1323

10
7, 40

⫺30
51

49
⫺37

11
52

5.13
7.77

67
614

7, 40

⫺45

⫺46

49

8.19

755

22
13

⫺48
⫺30
⫺18
⫺39

11
25
6
⫺70

⫺1
2
14
⫺29

3.69
5.13
5.28
4.08

1323
173
173
22

6, 9, 44, 46

AlphaSim cluster size ⬎22, p ⬍ 0.001.
R, Right; L, left; Front., frontal; Par., parietal; Occ., occipital, Temp., temporal; Ins., insular; Cereb., cerebellum; BA, Brodmann area; CS, cluster size; IFG, inferior frontal gyrus; MFG, middle frontal gyrus; MedFG, medial frontal gyrus; SFG,
superior frontal gyrus; IPL, inferior parietal lobule; MedOG, medial occipital gyrus; MedTG, medial temporal gyrus; STG, superior temporal gyrus.
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Table 4. Regions in which overlapping activations were observed between the training task 关(dual 2-back) ⴚ (dual 0-back)兴 and the transfer task (dual WM updating ⴚ
baseline) in the passive control group at pretest and at posttest
Pretest

Posttest
Peak Talairach coordinates

Area

Location

BA

x

R/L Front.

IFG
MFG
MedFG
SFG
MFG

44, 6, 8, 9, 46

⫺36

7

48

R Par.
L Par.

L Ins.
R Temp.
R Basal
L Basal
R/L Occ.
Cuneus
R/L Cereb.

Precuneus
IPL
Precuneus
IPL
SPL
Insula
ITG
Striatum
Striatum

t

CS

Area

Location

BA

49

8.03

2065

R/L Front.

IFG
MFG
SFG

44, 6, 9, 10

38

25

4.64

101

15

⫺63

43

7.73

1373

40, 7

⫺42

⫺43

39

9.31

1397

13
20

⫺33
50
15
⫺15
⫺30

22
⫺51
5
2
⫺61

4
⫺12
6
3
⫺32

5.50
4.04
4.32
7.11
7.91

56
31
45
114
1424

46
7, 40

17

y

z

Peak Talairach coordinates

R/L Par.

MFG
SFG
Precuneus
IPL

L Ins.
R Temp.

Insula
MedTG

L Basal
R/L Occ. LG

Striatum

x

y

z

t

CS

30

11

55

8.5

2447

9, 10

39

41

31

6.57

154

7, 40

39

⫺49

52

8.03

2749

13
39

⫺33
39

23
⫺49

1
52

4.41
4.14

34
2749

17, 18

⫺18
⫺6

5
⫺85

1
⫺6

4.78
5.71

117
597

Cuneus
R/L Cereb.

AlphaSim cluster size ⬎22, p ⬍ 0.001.
R, Right; L, left; Front., frontal; Par., parietal; Occ., occipital, Temp., temporal; Ins., insular; Cereb., cerebellum; BA, Brodmann area; CS, cluster size; IFG, inferior frontal gyrus; MFG, middle frontal gyrus; MedFG, medial frontal gyrus; SFG,
superior frontal gyrus; IPL, inferior parietal lobule; SPL, superior parietal lobule; LG, lingual gyrus; ITG, inferior temporal gyrus; MedTG, medial temporal gyrus.

updating task situations, although they showed overlap in the
frontoparietal networks. This confirms that overlap of the frontoparietal network at pretest or a certain pattern of training related decrease of that overlap cannot be a decisive precondition
for observing transfer (see also Dahlin et al., 2008).
Training-related activation changes
Next, we analyzed the particular training-related changes that occur
in the pattern of fMRI activations in the training and transfer task
separately. By analyzing these changes, we aimed to approach our
second hypothesis that specific training-related activation increases
in the striatum are specifically associated with transfer after dual
n-back training to the dual WM updating task.
Dual n-back task
Training group
Analyses of the contrast [(dual 2-back pretest ⫺ dual 0-back
pretest) ⫺ (dual 2-back posttest ⫺ dual 0-back posttest)] showed
decreases in extended regions of the frontoparietal network, including the bilateral premotor cortex, the bilateral PFC, and the
right inferior parietal lobule (Fig. 5, Table 5). In addition, we
observed a decrease of activation from pretest to posttest in
the right anterior cingulate cortex and in the left posterior cingulate cortex, but an activation increase in the superior temporal
lobe. With a more lenient threshold of p ⬍ 0.05 (uncorrected;
keeping the cluster size of ⬎22 voxels) we also observed an activation increase in the left and right striatum accompanied by an
activation decrease in the bilateral thalamus.
Active control group
In the active control group, we found a decrease of activation
from pretest to posttest only in the right middle frontal gyrus and
in the left inferior parietal lobule (Fig. 5, Table 5). We did not
observe any increases of activation.

Passive control group
In the passive control group, we found no activation decreases or
increases from pretest to posttest at all (Fig. 5).
Dual WM updating task
Training group
As can be seen in Figure 6 (Table 5), in the training group, we
observed strong activation increases from pretest to posttest in
the bilateral occipital cortex as well as bilaterally in the striatum.
Active control group
In the active control group, there were no significant decreases or
increases observed (Fig. 6).
Passive control group
In the passive control group, there were no significant decreases
or increases observed (Fig. 6).
Together, the training group showed large decreases in the
frontoparietal network in the training task, accompanied by an
increase of activation in the striatum in both the training and the
transfer WM updating tasks. In addition, the active control group
showed decreased activation in the frontoparietal network, but to
a much lesser extent than the training group, which reflects the
observation of some improvement on a behavioral level. There
were no activation changes in the transfer task in either of the
control groups.
Most importantly, the apparent differences in the activation
changes between the three groups in the dual WM updating task
were confirmed by a subsequent whole-brain groupwise comparison. That is, for the dual WM updating transfer task, a flexible
factorial ANOVA with the factors group (training vs active control vs passive control) and session (pretest vs posttest) revealed
significant differences in the pretest to posttest activation changes
in the right striatum between the three groups (AlphaSim cluster
size ⬎22, p ⬍ 0.001) and with a more lenient threshold of p ⬍
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Figure 3. Regions in which overlapping activations were observed between the training (dual 2-back) and the transfer (dual WM updating) tasks in the training (top), active control (center), and
passive control (bottom) groups. Overlap is depicted separately for pretest (left) and posttest (center), along with a conjunction of overlapping activations at pretest and at posttest (right) (see main
text) (AlphaSim cluster size ⬎22, p ⬍ 0.001).

0.05 (uncorrected; keeping the cluster size of ⬎22 voxels) in the
bilateral striatum and in the bilateral cuneus. To visualize the
differences in the activation changes between the three groups in
the dual WM updating task, we extracted percentage signal
changes (PSCs) from the activated clusters of interest using MarsBaR (http://marsbar.sourceforge.net/; Brett et al., 2002). Clusters of interest were defined at local peak activity maxima of
the training group’s activity change in the striatum (posttest ⫺
pretest) from the whole-brain analyses for the dual WM updating task with AlphaSim correction cluster size ⬎22, p ⬍
0.05. This produced clusters of interest in the right striatum at
x ⫽ 6, y ⫽ 17, z ⫽ ⫺2 and in the left striatum at x ⫽ ⫺15, y ⫽
17, z ⫽ ⫺11. To exclude the possibility that the other groups
showed a similar activation increase in a slightly different location, we masked the activation cluster with a sphere 6 mm in

diameter and extracted the mean PSC from that region of
interest (ROI) over a time window of 4 –25 s after sequence
onset (because sequences had different lengths, this time window was set according to the shortest sequence to ensure that,
for each sequence, only the updating and not the response
phase was modeled). As can be seen in Figure 7, we observed
an increase of the PSC in the striatum for the training group,
whereas the PSC in the two other groups decreased from pretest to posttest.
From the same clusters, we then extracted the PSCs of the dual
n-back task to investigate group- and task-specific striatal activation changes from pretest to posttest. A group (training vs active
control vs passive control) ⫻ session (pretest vs posttest) ⫻ task
(dual n-back vs dual WM updating) ANOVA revealed a significant group ⫻ session interaction both in the left striatum cluster
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Figure 4. Regions in which overlapping activations were observed between the single versions of the tasks (single 2-back and single WM updating) in the training (top), active control
(center), and passive control (bottom) groups. Overlap is depicted separately for pretest (left) and posttest (right). Visual tasks are presented on the left and auditory tasks on
the right.

(F(2,51) ⫽ 5.84, p ⬍ 0.05, p2 ⫽ 0.19) and in the right striatum
cluster (F(2,51) ⫽ 4.65, p ⬍ 0.05, p2 ⫽ 0.15), whereas the group ⫻
session ⫻ task interaction was in both clusters not significant
( p ⬎ 0.33). That is, the training group’s striatal activation increase was significantly larger than those of the control group and
this effect was similar in the dual n-back and the dual WM updating task.
For the training task, a whole-brain comparison between
the training group and the passive control group showed significant differences (AlphaSim cluster size ⬎22, p ⬍ 0.05) in
the amount of activation changes in the striatum from pretest
to posttest, whereas the corresponding differences with the
active control group did not survive the chosen significance
threshold.
All in all, these analyses confirm significant group-specific
differences in the striatum, with an increase of the PSC in the
training group, but no significant increases in the active and the
passive control group.

Relationship between activation increase in the striatum and
training-related WM performance
Subsequently, we investigated whether the observed training
and transfer effects in the WM tasks are related to the activation increases in the striatum. For that purpose, we analyzed
differences in the striatal activation changes between the
highest- and lowest-gaining participants in the training group
separately for the dual n-back and the dual WM updating task.
First, we divided the participants in the training group into
low-gaining (n ⫽ 9) and high-gaining (n ⫽ 9) groups by using
a median split of their gain in the dual n-back task. Then, we
extracted the PSC from ROIs with a similar procedure as described above for the dual WM updating task: clusters of interest were defined at local peak activity maxima of the
training group’s activity change in the striatum (posttest ⫺
pretest) from the whole-brain analyses for the dual n-back task
with AlphaSim correction cluster size ⬎22, p ⬍ 0.05. This
analysis yielded clusters of interest (masked by a sphere 6 mm
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Figure 5. Activation decreases and increases in the dual n-back task in the training group (left), the active control group (middle), and the passive control group (right). Blue indicates decreases
and red increases (AlphaSim cluster size ⬎22, p ⬍ 0.001).
Table 5. Increases and decreases after intervention in the training and transfer tasks
Peak Talairach coordinates

Training dual n-back task
Training group
Decreases

Increases
Active control group
Decreases
Transfer dual WM updating task
Training group
Increases

Side

Area

Location

BA

x

y

z

t

CS

R

Frontal

L

Frontal

R
R
L
R
L
L

Parietal
Limbic
Limbic
Cerebellum
Cerebellum
Frontal

Inferior frontal gyrus
Middle frontal gyrus
Superior frontal gyrus
Medial frontal gyrus
Superior frontal gyrus
Inferior parietal lobule
Anterior cingulate gyrus
Posterior cingulate gyrus

6

33
33
24
⫺12
⫺21
56
3
⫺3
48
⫺45
⫺50

13
18
55
30
57
⫺42
3
⫺40
⫺72
⫺75
⫺1

⫺14
39
24
37
4
41
24
31
⫺35
⫺33
6

5.33
4.62
4.49
4.8
5.89
4.87
5.61
4.74
5.37
6.65
8.3

26
28
27
269
110
125
47
52
205
126
73

R
L
L

Frontal
Frontal
Parietal

Middle frontal gyrus
Inferior frontal gyrus
Inferior parietal lobule

10
10
40

39
⫺36
⫺50

51
44
⫺54

⫺4
⫺2
36

5.28
5.26
4.37

38
36
30

R/L
R
L

Occipital
Basal
Basal

Calcarine gyrus, cuneus
Striatum
Striatum

19, 23

18
21
⫺15

⫺64
14
5

7
2
4

6.54
5.01
4.42

502
28
46

Precentral gyrus

13
8
10
8
10
40
24
31

AlphaSim correction p ⬍ 0.001, cluster size ⬎22.
R, Right; L, left; BA, Brodmann area; CS, cluster size. Note. There were no training-related decreases in the training group in the transfer dual WM updating task. In the active control group, there were no training-related increases observed
in the dual n-back task and no activation changes in the transfer dual WM updating task. There were no training-related activation changes observed in the passive control group in either tasks.

in diameter) in the right striatum at x ⫽ 12, y ⫽ 17, z ⫽ ⫺11
and in the left striatum at x ⫽ ⫺15, y ⫽ 8, z ⫽ ⫺11. In the dual
n-back task, we extracted the mean PSC over a time window of
4 –34 s after stimulus onset. To compare the change of activation with behavior, we collapsed the extracted PSCs of the
ROIs on the right and the left side. A one-way ANOVA on the
striatal activation change between the two groups yielded a
significant result (F(1,16) ⫽ 4.82, p ⬍ 0.05, Cohen’s d ⫽ 1.04).
That is, the participants in the high-gaining group exhibited a
larger striatal activation increase from pretest to posttest than
the low-gaining group (Fig. 8, left). A similar analysis was
conducted for the transfer dual WM updating task. We divided the participants in the training group into low-gaining

(n ⫽ 9) and high-gaining (n ⫽ 9) groups by using a median
split of their gain in the dual WM updating task. The PSC in
the striatum was extracted for the dual WM updating task
as defined above. This analysis did not reach significance
( p ⬎ 0.77).
In conclusion, these analyses show an association between the
observed changes in behavior and activation changes in the striatum, at least in the dual n-back task.
Dual-task specific activation changes
To determine whether the observed behavioral and neural
changes are due to improvements solely in dual-task coordination skills rather than in WM, we analyzed dual-task-related
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Figure 6. Activation decreases and increases in the transfer WM updating task in the training group (left), the active control group (middle), and the passive control group (right). Blue indicates
decreases and red increases (AlphaSim cluster size ⬎22, p ⬍ 0.001).

Figure 7. Percentage signal change values extracted from the striatum to visualize activation change in the dual WM updating task from pretest to posttest in each group (percentage signal
change extracted from left striatum at x ⫽ ⫺15, y ⫽ 17, z ⫽ ⫺11; right striatum at x ⫽ 6, y ⫽ 17, z ⫽ ⫺2).

activation changes with a dual-task coordination contrast
[dual 2-back ⫺ (AV single 2-back ⫹ VS single 2-back)] (see
also Schubert and Szameitat, 2003; Szameitat et al., 2011).
With this contrast, we extracted neural activation related exclusively to dual-task coordination. The contrast was first calculated in each group for pretest and then for posttest, after
which we calculated a contrast for decreased activation from
pretest to posttest [(dual-task contrast pretest ⫺ dual-task
contrast posttest)] and a contrast for increased activation
from pretest to posttest [(dual-task contrast posttest ⫺ dualtask contrast pretest)].
The training group showed an activation decrease (AlphaSim cluster size ⬎22, p ⬍ 0.001) from pretest to posttest
left-sided in the PFC (middle frontal gyrus, BA 8; superior
frontal gyrus, BAs 8/10; inferior frontal gyrus, BA 45) and the
occipital cortex (precuneus, BA 19) (Table 6). This pattern of
activations corresponds to dual-task coordination activations
reported in previous studies (Szameitat et al., 2002; Schubert
and Szameitat, 2003; Stelzel et al., 2008). A training-related
decrease in these regions thus implies that the demand for

dual-task coordination was reduced at posttest. However, a
similar pattern of activation decreases was observed in both
the active and the passive control group (Table 6). Comparisons of the activation changes between the training group and
the active control group, as well as between the training group
and the passive control group [i.e., a flexible factorial ANOVA
with the factors group (training vs active control and training
vs passive control) and session (pretest vs posttest)], did not
yield significant differences (AlphaSim cluster size ⬎22, p ⬍
0.001). Because the dual-task analyses revealed that all groups
showed activation decreases in dual-task-related regions and
because we found no differences in the activation changes
between the groups, we can exclude the possibility that the
observed behavioral improvements in the training group were
due solely to improved dual-task coordination skills as a result
of dual n-back training. It should be noted that the contrasts
that we calculated for dual-task specific activations included
only the 2-back version of the tasks, that is, without assessing
a change in WM load. This is important because the activation
changes that we reported earlier specifically for the dual
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n-back task took into account the
changing WM load because the contrast
subtracted dual 0-back from the dual
2-back task. Therefore, the striatal activation decrease that we found in the
dual-task coordination analyses in all
groups (Table 6) should be distinguished from the striatal activation increase that we observed exclusively in
the training group for the task analyses
above.

Discussion
We investigated whether dual n-back
training improves general cognitive
resources or a task-specific process.
After training, the training group outperformed both control groups in the
training task and they were the only
group to show transfer to a dual- Figure 8. Change from pretest to posttest in striatal percentage activation change depicted separately for the highest (15%)
modality WM updating task. The train- and lowest (15%) scoring participants from the training group in the dual n-back task (left) and the dual WM updating task (right).
An asterisk indicates a significant difference between the groups. Error bars indicate SEM.
ing group did not perform better than
the active control group in single verof very similar processes (in the present study, the updating of
sions of the training task nor were there differences between
stimuli from two different modalities). We emphasize that the
any of the groups in their improvement in single versions of
dual n-back task and the dual WM updating task differed with
the WM updating transfer task. We found in the training
regard to stimuli and task rules, but transfer occurred only when
group reduced overlapping activations of the training and
the training and the transfer task shared a similar cognitive protransfer task. We additionally observed a dual n-back trainingcess, that is, the updating of two memory lists.
related decrease in the frontoparietal network in the training
In contrast to single n-back training, dual n-back training
task and an increase in the striatum in the training and the
seems demanding enough to fulfill the requirements for improvtransfer task. The control groups showed only little (active
ing updating processes in a way that profits performance in the
control group) or no change (passive control group) in the
dual WM updating task. This implies improved coordination of
activation patterns from pretest to posttest.
stimuli from two different modalities, which is not necessary
These results support our second hypothesis: dual n-back
when only one modality is processed.
training did not improve general cognitive resources, but
Studies have shown that it is possible to train executive
rather a specific cognitive process of WM updating. This concontrol processes of dual-task coordination (Liepelt et al.,
clusion is based on the findings that frontoparietal activation
2011; Strobach et al., 2012). Such training effects are observed
overlap was not associated with transfer, that the amount of
when subjects train two tasks simultaneously compared with
activation increased in the striatum only in the training group,
training of the single subtasks and the improvements transfer
and that transfer effects were tied to highly similar task situato untrained dual tasks. The inclusion of an active control
tions. Had general cognitive resources improved, we should
group with single n-back training allowed us to identify
have observed more widespread transfer effects (i.e., transfer
training-related changes and transfer effects that are related to
to the single-task versions of the training and the WM updatthe executive control components of task coordination. Speing task) and overlap in the tasks’ frontoparietal activations
cific analyses on dual-task coordination in the training task
that would be a prerequisite for transfer.
revealed that all groups showed equivalent activation deThe present results are especially interesting in the light of
creases in dual-task specific brain regions. These analyses conthe findings of Dahlin et al. (2008), who showed that striatal
firmed that the observed improvements in the training group
activation mediates transfer from WM updating training to an
cannot be attributed to sole improvements in dual-task coorn-back task. With the present results we bring important new
dination skills.
insight and refinement into the prerequisites of transfer. First,
Updating is regarded as a core executive function (Miyake et
due to its dual-task coordination component, the dual n-back
al., 2000). The improvement in updating could indicate improvetraining paradigm presumably engages the PFC stronger than the
ments in some general domain (in contrast to a very specific
single-task used in Dahlin et al. (2008). Consequently, the dual
process improvement). However, the current findings suggest
n-back might be regarded as a more appropriate training task
that this was not the case. Had more general resources profited
than a single- task for testing whether a general capacity boost
from training, one should expect transfer also to the single verunderlies transfer effects. Second, in Dahlin et al. (2008), the
sions of the tasks used in the current study. Such effects were not
transfer tasks included a task that clearly requires updating profound. From this perspective, it also seems that a very specific
cesses that are engaged in their training task (the n-back task) and
process was improved. Regarding studies that have shown dual
a task requiring inhibition of prepotent responses, and thus pron-back training-related improvements in fluid intelligence (Jaecesses that are not involved in their training task (Stroop task). In
ggi et al., 2008, 2010), we suggest that if the trained updating
the current study, updating processes played a central role in all
processes are crucial in the intelligence test, then transfer to such
tasks, but transfer was observed only to the dual WM updating
a test is possible. Indeed, Jaeggi et al. (2010) observed strong
task. These results demonstrate that transfer requires the sharing
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Table 6. Training-related increases and decreases in the dual n-back task from the dual-task contrast 关dual 2-back ⴚ (visual single 2-back ⴙ auditory single 2-back)兴
Talairach coordinates

Training group
Decreases

Increases
Active control group
Decreases

Increases
Passive control group
Decreases

Increases

Side

Area

Location

BA

x

y

z

t

CS

L

Frontal

Inferior frontal gyrus
Middle frontal gyrus
Superior frontal gyrus

L
L
R
R
R

Parietal
Basal
Cerebellum
Frontal
Parietal

Precuneus
Striatum

45
8
8/
10
19

Inferior frontal gyrus
Inferior parietal lobule

44
40

⫺53
⫺45
⫺18
⫺12
⫺33
⫺9
39
56
65

26
16
39
64
⫺66
19
⫺81
17
⫺43

17
42
45
14
43
⫺6
⫺33
12
24

4.22
5.38
6.34
6.25
6.09
7.22
4.83
5.12
5.46

40
73
165
49
256
130
24
86
68

L

Frontal

L
L
L
R
R
R

Parietal
Temporal
Basal
Frontal
Parietal
Temporal

Middle frontal gyrus
Medial frontal gyrus
Precuneus
Superior temporal gyrus
Striatum
Middle frontal gyrus
Supramarginal gyrus
Middle temporal gyrus

8
10
19
22

⫺42
⫺15
⫺27
⫺59
⫺12
21
59
59

10
31
⫺77
⫺58
22
24
⫺46
⫺62

44
⫺8
⫺37
18
⫺6
⫺13
36
5

5.45
6.49
8.00
6.73
6.41
5.62
6.84
5.05

38
144
29
201
38
39
144
34

L

Frontal

Inferior frontal gyrus
Precentral gyrus

L
L
L
R

Temporal
Occipital
Basal
Frontal

13
4/
44
6
39
18

R

Temporal

⫺45
⫺36
⫺50
⫺24
⫺48
⫺36
⫺15
45
24
48

26
⫺22
11
7
⫺73
⫺94
25
38
57
⫺72

10
52
6
46
17
⫺6
⫺5
25
6
25

4.84
5.88
4.09
5.24
5.25
7.51
5.13
4.34
6.10
8.00

78
71
36
123
58
43
67
32
56
932

Middle frontal gyrus
Middle temporal gyrus
Inferior occipital gyrus
Striatum
Middle frontal gyrus
Superior frontal gyrus
Middle temporal gyrus

11
40
37

46
10
39

AlphaSim correction p ⬍ 0.001, cluster size ⬎22.
R, Right; L, left; BA, Brodmann area.

correlations between n-back performance and performance in
intelligence tests ( Raven, 1990; Hossiep et al., 1999). According
to the investigators, this correlation can explain the observed
transfer effect from dual n-back training to fluid intelligence in
their previous study (Jaeggi et al., 2008, 2010). Friedman et al.
(2006) showed correlations between updating performance and
fluid intelligence. They concluded that tests such as the Raven’s
Advanced Progressive Matrices may measure updating skills. It
should be noted that, because several other studies have not replicated the dual n-back training-related improvement in fluid
intelligence, the possibility to increase intelligence with dual
n-back training remains a matter of debate (Chooi and Thompson, 2012; Salminen et al., 2012; Redick et al., 2013; Thompson et
al., 2013).
An issue that deserves consideration is why single n-back
training in our study did not produce transfer, whereas single
updating training in Dahlin et al. (2008) transferred to n-back
performance. In our view, this difference is related to the different
WM requirements involved in the training tasks. As proposed by
several investigators (e.g., Jaeggi et al., 2010), the n-back task is
based more on less demanding recognition processes, whereas
the WM updating task requires the coordination of recalled items
during WM updating. In addition, in the present study, the training and transfer tasks included a dual-task component, whereas
in the study by Dahlin et al. (2008), both tasks were single visual
WM tasks. Finally, whereas in Dahlin et al. (2008), the transfer
effects were compared against a passive control group, in the present
study, we included an active and a passive control group. Comparisons against an active control group allowed us to control for the

occurrence of unspecific effects of training that could complicate the
interpretation of transfer effects (Shipstead et al., 2012).
The observed pattern of neural activations is consistent with
previous findings on activation changes after WM training
(Hempel et al., 2004; Klingberg, 2010, Kühn et al., 2013, Schneiders et al., 2012; Buschkuehl et al., 2014). The PFC activation
decrease in the training group implies less requirement for cognitive and attentional control in the dual n-back task after training than before training. Activation focus shifted to a more
process-specific region: activation increased in the striatum in the
training and the transfer task. Improved WM updating and increased striatal activation is consistent with theories that describe
striatum’s role in WM updating (Frank et al., 2001; Gruber et al.,
2006; Baier et al., 2010; Voytek and Knight, 2010). The striatum is
required in regulating which information enters WM (Alexander
et al., 1986; McNab and Klingberg, 2008). Dahlin et al. (2008)
proposed that updating during training induced changes in the
striatal dopaminergic system (see also Bäckman et al., 2011),
which underlies WM updating processes by modulating related
neural activations in the PFC (Cohen et al., 2002; O’Reilly, 2006).
Comparing high and low gainers revealed associations between behavioral improvements and increased striatal activation.
Although these results should be interpreted with caution (we did
not find a correlation between behavioral and neuronal data),
our analyses imply a manifestation of striatal activation increase
in WM updating improvement.
Interestingly, a lenient threshold of p ⬍ 0.05 revealed a noteworthy activation pattern in the thalamus. In the training group,
we observed decreased thalamus activation in the training task,
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but no change in the transfer task, whereas both control groups
showed increased thalamus activation in the transfer task. Regarding learning models on the PFC and basal ganglia (O’Reilly
and Frank, 2006), this finding could reflect thalamus participation in training and transfer effects. This possibility would be
interesting to pursue in future studies.
In conclusion, we showed that dual n-back training improved
a specific cognitive process, WM updating, and the trainingrelated changes were observed on a behavioral and a neuronal
level. The results provide further evidence that overlapping frontoparietal activations alone do not produce transfer; instead, in
training circumstances as in the present study, transfer occurs
when neuronal activation increases in brain regions that are specifically associated with the transferred process. This implies that
the training-related optimization of specific skills and their implementation in the transfer task are associated with the improvement in the transfer task.
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