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Abstract: Increases in striatal activity have been suggested to mediate training-related improvements
in working-memory ability. We investigated the temporal dynamics of changes in task-related brain
activity following training of working memory. Participants in an experimental group and an active
control group, trained on easier tasks of a constant difficulty in shorter sessions than the experimental
group, were measured before, after about 1 week, and after more than 50 days of training. In the ex-
perimental group an initial increase of working-memory related activity in the functionally defined
right striatum and anatomically defined right and left putamen was followed by decreases, resulting in
an inverted u-shape function that relates activity to training over time. Activity increases in the stria-
tum developed slower in the active control group, observed at the second posttest after more than 50
days of training. In the functionally defined left striatum, initial activity increases were maintained af-
ter more extensive training and the pattern was similar for the two groups. These results shed new
light on the relation between activity in the striatum (especially the putamen) and the effects of work-
ing memory training, and illustrate the importance of multiple measurements for interpreting effects
of training on regional brain activity. Hum Brain Mapp 34:1530-1541, 2013.  © 2012 Wiley Periodicals, Inc.
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INTRODUCTION

Working memory performance, the holding and manip-
ulation of information over short periods of time [Badde-
ley, 1996], can be enhanced by means of training [e.g.,
Klingberg, 2010; Schmiedek et al., 2010b]. Studies on corti-
cal brain activity report both increases [Hempel et al.,
2004; Olesen et al., 2004; Westerberg and Klingberg, 2007]
as well as decreases [Dahlin et al., 2008; Hempel et al.,
2004; Kelly and Garavan, 2005; Kelly et al., 2006; Kiihn
et al.,, 2011] of fronto-parietal activation during task per-
formance after training. The basal ganglia are also
involved in working memory [Cools et al., 2008; McNab
and Klingberg, 2008]. The striatum, in particular, has been
shown to increase in activity after working memory train-
ing [Dahlin et al., 2008; Olesen et al., 2004; but see Landau
et al.,, 2004; Tomasi et al.,, 2004; for review, see Dahlin
et al., 2009]. Thus, training-related effects include increases
as well as decreases in task-related activity, and this dis-
crepancy between findings has not yet been resolved. One
candidate explanation refers to differences in the amount
of training across studies. To directly address this issue,
neural changes need to be monitored during extended
periods of training instead of being assessed only twice,
that is, before and after the intervention.

For cortical brain regions, a study by Hempel et al.
[2004] demonstrated that a limited amount of training on
an n-back task resulted in activity increases in the frontal
and parietal lobes, and that fronto-parietal activity
decreased after more extensive training. Because prefrontal
brain regions are strongly connected to the basal ganglia,
one would expect a similar inverted u-shape pattern of
brain activity for subcortical brain regions as well. Frank
et al. [2001] postulated that the frontal cortex is involved
in active maintenance of information, whereas the basal
ganglia promote a selective and dynamic gating process
that enables frontal memory representations to be
updated. This mechanism also allows for the filtering of
irrelevant information [McNab and Klingberg, 2008] and
could become more efficient and therefore possibly less
activated over more extended periods of working-memory
training. The involvement of the striatal dopaminergic sys-
tem in updating [Backman et al., 2011; Cools et al., 2008;
Frank et al., 2001; McNab and Klingberg, 2008] may also
suggest an inverted u-shape pattern of striatal activity as a
function of training. Specifically, previous studies have
linked the blood-oxygen-level-dependent (BOLD) response
in the striatum to release of dopamine [Schott et al., 2008]
and dopaminergic neuromodulation may change in a non-
linear manner in response to working memory training
[McNab et al., 2009]. Thus, striatal activity during working
memory performance may relate nonlinearly to training
over time. We therefore set out to investigate the temporal
dynamics of changes in task-related brain activity follow-
ing training of updating in working memory with an
adapted version of a numerical memory updating task
[Salthouse et al., 1991] and a spatial n-back task [Cohen

et al., 1997]. Participants in an experimental group and an
active control group, trained on easier tasks of a constant
difficulty in shorter sessions than the experimental group,
underwent fMRI measurements before (Scan 1), after about
1 week (Scan 2), and after more than 50 days of training
(Scan 3).

METHOD
Participants

A healthy sample consisting of 46 adults (M.g = 25.0;
SDage = 2.7, range,ge 20-31) was recruited through flyers
and word-of-mouth recommendation circulated in Berlin,
Germany. Participants were right-handed, had normal or
corrected-to-normal vision, and reported no history of car-
diovascular disease, diabetes, neurological or psychiatric
conditions, or drug/alcohol abuse. They reported no use of
antiseizure or antidepressant drugs. All considered partici-
pants completed three imaging sessions without producing
imaging artefacts or displaying brain abnormalities.

Participants were first matched on sex and global cogni-
tive performance [Digit-Symbol Substitution (DS); Wechs-
ler, 1981] and then randomly assigned to either one of two
groups: one experimental (n = 26; Myge = 24.7; SD g =
2.3, range,ge 20-29; 13 women, 13 men) and one active
control group (n = 20; Mage = 25.4; SDoge = 3.1, range,ge
20-31; 10 women, 10 men). Our previous experience with
cognitive training [Lovdén et al., 2011, in press; Schmiedek
et al,, 2010b] and other reports [e.g., Dahlin et al., 2008]
suggested that a sample size of around 20 provided
adequate power; more subjects were assigned to the
experimental group to increase the statistical power for
detecting correlations in this group. DS performance did
not differ across groups at Scan 1 (Mexperimentat = 68.1;
SDexperimenfal = 11.3; Mcontrol = 70.3; SDcontrol = 10.5; ¢ (44)
= 0.67, P > 0.50). Participants in both groups were paid
between 300 and 700 Euro, depending on the number of
completed sessions and the amount of improvement in
performance from Scans 1 to 3. The criterion performance
was estimated from the session collecting performance
data outside of the scanner around the time points of
Scans 1 and 3 (see Materials and Procedure). Participants
in the experimental group completed 5.04 sessions (2 h 46
min) between Scan 1 and 2 and 49.8 sessions (24 h 53 min)
between Scan 2 and 3; in the control group a comparable
number of sessions shorter in time were completed: 4.55
sessions (23 min) between Scan 1 and 2 and 49.3 sessions
(4 h 7 min) between Scan 2 and 3.

The ethical review board of the Charité University
Medicine approved the study.

Materials and Procedure

Participants practiced computerized tasks individually
during on average 54 sessions on their home computers [for
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software details, see Schmiedek et al.,, 2010a]. Functional
MRI measurements and assessments of cognitive perform-
ance were conducted before training started (Scan 1), after
an average five training sessions (Scan 2; Meyperimental = 5,
SDexperimental = 1, Meontrol = 5, SDecontrol = 1)/ and after
on average 54 training sessions (Scan 3; Mexperimental = 55,
SDexperimental = 8, Mcontrol = 54, SDcontrol = 6)-

Training

The tasks for the experimental group comprised adapted
versions of a numerical memory updating task [Salthouse
et al., 1991] and a spatial n-back task [Cohen et al., 1997].
On every session, the updating task was administered over
several blocks at different load levels: one block of Load 2,
six blocks of Load 4, and six blocks of Load 6. The n-back
task included one block of 1-back, one block of 2-back, three
blocks of 3-back, and three blocks of 4-back. Both tasks
were presented in an easy-to-hard scheme, with increas-
ingly faster presentation times over the training period. For
the control group, each session consisted of one updating
block at load 2, one updating block at load 4, one block of
1-back, one block of 2-back, and one block of 3-back. For
the control group, training was thus administered with a
fixed difficulty level and it was less extensive and less diffi-
cult. The tasks are described in more detail below.

In each updating block, two (load 2), four (load 4), or
six (load 6) single digits (ranging from 0 to 9) were pre-
sented simultaneously in cells situated horizontally for
4,000 ms. After an interstimulus interval (ISI) of 500 ms, a
sequence of eight updating operations was presented in a
second row of cells below the first one. These updating
operations were additions and subtractions within a range
of -8 to +8. Those updating operations had to be applied
to the digits memorized from the corresponding cells
above and the updated results had to be memorized. For
the Load 4 and 6 blocks administered to the experimental
group, presentation times of the updating operations were
2,750 ms for session 1-10, 2,000 ms for sessions 11-20,
1,500 ms for sessions 21-30, and 1,250 ms for all session
thereafter. Presentation time was always 2,750 ms for the
control group. ISI was always 250 ms. At the end of each
trial, the end results had to be entered in the cells in the
upper row while the lower row was blank.

In each n-back block, a sequence of 39 black dots
appeared at varying locations in a 4 by 4 grid. Participants
indicated with button presses whether each dot was in the
same position as the dot two (2-back), three (3-back), or
four (4-back) steps earlier in the sequence or not. Dots
appeared at random locations with the constraints that 12
items were targets and dots did not appear in the same
location in consecutive steps. For the 3-back and 4-back
blocks administered to the experimental group, the ISI
between the dots was 2,500 ms for session 1-10, 2,000 ms
for sessions 11-20, 1,750 ms for sessions 21-30, and 1,500
ms for all session thereafter. ISI was always 2,500 ms for

the control group. The presentation time for the dots was
always 500 ms.

We monitored training compliance by means of an
online database in which we checked whether participants
performed their daily training sessions. If for 2 days in a
row no training data was recorded we called participants
and provided assistance if there were technical problems.

Additional Assessment of Cognitive Performance

These sessions lasted ~ 2 h, were conducted under con-
trolled conditions in the laboratory, and included cognitive
tests intermixed with self-report questionnaires. The ses-
sions were always administered a day or two after the cor-
responding brain-imaging session (Scans 1, 2, and 3), with
no training sessions in between.

The training tasks were administered under the easiest
presentation times (n-back = 2,500 ms; updating = 2,750
ms) for all participants. The numerical updating task
included six blocks of load 2, six blocks of load 4, and
six blocks of load 6. The n-back task included two block of
2-back, two blocks of 3-back, and two blocks of 4-back.
Performance accuracies were averaged across blocks in a
condition to form the dependent variables.

Two tasks assessing transfer within working memory
were administered. In two blocks of a numerical 3-back,
two-choice decisions on whether the current stimulus
matched the stimulus 3 steps earlier in the sequence were
required. The 39 stimuli in each block were one-digit num-
bers (1-9). Presentation time was 3,000 ms with an ISI of
1,000 ms. Six blocks of a spatial memory updating task
were also administered. In each block of this task, a dis-
play of a 4 x 4 grids was first shown for 4,000 ms. In each
grid, a black dot was present in one of the sixteen loca-
tions. These locations had to be memorized and updated
according to shifting operations, which were indicated by
arrows appearing below the corresponding field. Presenta-
tion time of the arrows was 2,750 ms with an ISI of 250
ms. After six updating operations, the four grids reap-
peared and the resulting end positions had to be clicked
on. For both tasks, performance accuracies were averaged
across block to form single dependent variables.

Two tests assessing transfer to logical reasoning were
administered at the behavioural session around scan 1 and
scan 3 only. These paper-and-pencil tests of figural and
numerical reasoning performance were taken from the Ber-
lin Intelligence Structure Test [Jager et al., 1997].

Behavioral Tasks in MRI Scanner

The numerical updating task (see Fig. 1) was adminis-
tered in the scanner. The task consisted of a top row of
numbers presented for 4,000 ms, after which four updating
operations (-8 to +8) were consecutively shown in a bot-
tom row for 1,000 ms each. ISI was 2,000 ms. The response
format was different compared to the training sessions: A
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Schematic drawing of the experimental paradigm.

probe with numbers presented in the top row was shown
and participants had to indicate whether all numbers were
correct (right button) or not (left button). The task con-
sisted of three runs, each comprising 15 blocks of the load
conditions 2, 4, and 6 intermixed. Each run additionally
contained six fixation periods of 14,000 ms each.

MRI Procedures

Images were collected with a 3T Magnetom Trio MRI
scanner system (Siemens Medical Systems, Erlangen, Ger-
many) using a 12-channel radiofrequency head coil. First,
high-resolution anatomical images were acquired using a
T1-weighted 3D MPRAGE sequence (TR = 1,550 ms, TE =
2.34 ms, TI = 900ms, acquisition matrix = 256 x 256 x
176, sagittal FOV = 244 mm, flip angle = 9°, voxel size =
1 x 1 x 1 mm®). Whole brain functional images were col-
lected using a T2*-weighted EPI sequence sensitive to
BOLD contrast (TR = 2,000 ms, TE = 30 ms, image matrix
= 64 x 64, FOV = 216 mm, flip angle = 80°, slice thickness
= 3.0 mm, distance factor = 0%, voxel size 3 x 3 x 3
mm?®, 36 axial slices, using GRAPPA). Image volumes
were acquired aligned to AC-PC.

fMRI Data Analysis
Preprocessing

The fMRI data were analysed using the SPM5 software
(Wellcome Department of Cognitive Neurology, London,

UK). The first three volumes of all EPI series were
excluded from the analysis to allow the magnetisation to
approach a dynamic equilibrium. Data processing
started with slice time correction and realignment of the
EPI datasets. A mean image for all EPI volumes was cre-
ated, to which individual volumes were spatially real-
igned by means of rigid body transformations. The high
resolution structural image was coregistered with the
mean image of the EPI series. Then the structural image
was normalised to the Montreal Neurological Institute
(MNI) template, and the normalisation parameters were
applied to the EPI images to ensure an anatomically
informed normalisation. A commonly applied filter of 8
mm FWHM (full-width at half maximum) was used.
Low-frequency drifts in the time domain were removed
by modelling the time series for each voxel by a set of
discrete cosine functions to which a cut-off of 128 s was
applied.

Statistical analyses

The single-subject-level statistical analyses were per-
formed using a general linear model (GLM). We modelled
the number set presentation (4,000 ms duration), the
updating phase (12,000 ms duration) as well as the probe
phase (4,000 ms duration) separately for the three load
conditions. Incorrect trials were modelled separately (tar-
get, updating and probe phase separately independent of
load condition). Vectors containing the event onsets were
convolved with the canonical hemodynamic response
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function (HRF) to form the main regressors in the design
matrix (the regression model). The vectors were also con-
volved with the temporal derivatives and the resulting
vectors were entered into the model. In addition, the
design matrix included the six realignment parameters to
further correct for head motion. The statistical parameter
estimates were computed separately for each voxel for all
columns in the design matrix. Contrast (tf) images were
constructed from each individual to compare the relevant
parameter estimates for the regressors containing the ca-
nonical HRF.

Next, group-level random effects analysis was per-
formed. We computed the contrast of the updating
phase of all load conditions against the implicit baseline
for each time point (Scans 1, 2, and 3) separately. Note
that this updating phase contained no overt motor
demand. To identify brain regions that show activation
changes between Scans 1 and 2 (i.e., after about 5 days
of training) and between Scans 2 and 3 (i.e., after about
49 additional training days) in the experimental group
we compared the contrast images between Scans 2 and
1 as well as between Scans 3 and 2. The resulting statis-
tical values were thresholded with a level of significance
of P < 0.001 (z > 3.09, uncorrected) and a significant
effect was reported when the volume of the cluster was
greater than the Monte Carlo simulation determined
minimum cluster size (>22 voxels) above which the
probability of type I error was < 0.05 [AlphaSim, Ward,
2000]. The resulting statistical maps were overlaid onto
a normalized T1 weighted MNI single subject template
(colin27). To identify task-related brain activity, we addi-
tionally computed the contrast of all loads and all time
points and both groups against the implicit baseline. We
computed overlap between the resulting thresholded
contrasts to determine the brain regions showing
increases or decreases between Scan 1 and 2, increases
or decreases between Scans 2 and 3, in task-related
activity.

From the resulting regions and from an a priori ana-
tomical region of interest (ROI) in bilateral putamen
[Anatomical Automatic Labeling Atlas, Tzourio-
Mazoyer et al.,, 2002] we extracted percentage signal
changes by means of MarsBaR [http://marsbar.source-
forge.net/, Brett et al., 2002]. For each subject, region,
and condition separately the mean percent signal
change over a time window of 4-16 s after stimulus
onset was computed. The extracted percentage signal
changes were analyzed with mixed ANOVAs with the
factors group (experimental vs. control), time (Scans 1,
2, and 3), and load (2, 4, 6) to investigate group differ-
ences in training-related changes. To exclude that the
control group showed similar activation changes across
time with only slightly different locations of activation,
we also conducted separate analyses of the control
group and, additionally, extracted percentage signal
changes from both group based on anatomically defined
regions-of-interest.

RESULTS
Behavioural Data
Training tasks

A mixed ANOVA on numerical updating performance
at Scan 1 with the factors group (experimental vs. control)
and load (2, 4, 6) revealed significant linear, F(1,44) =
364.1, P < 0.001, and quadratic, F(1,44) = 21.5, P < 0.001,
effects of load. No other effects were significant. Impor-
tantly, the absence of a group effect, F < 1, indicates that
the groups were comparable on criterion performance at
Scan 1.

An extension of the mixed ANOVA above on numerical
updating performance to include also the effects of time
(Scans 1, 2, and 3) showed significant linear, F(1,44) =
21.5, P < 0.001, and quadratic, F(1,44) = 21.5, P < 0.001,
effects of load. The linear, F(1,44) = 183.8, P < 0.001, and
quadratic, F(1,44) = 4.3, P < 0.05, effects of time were also
significant. These main effects were qualified by linear
interactions between group and time, F(1,44) = 12.3, P <
0.001, group and load, F(1,44) = 10.8, P < 0.01, and load
and time, F(1,44) = 104.4, P < 0.001. In addition, the linear
three-way interaction among group, time, and load
reached significance, F(1,44) = 9.3, P < 0.01. No other
effects were significant. An inspection of Figure 2 reveals
that the experimental group improved more in updating
performance from training than the control group, and
that this differential improvement was especially pro-
nounced under higher load.

A similar mixed group x time x load ANOVA on spa-
tial n-back performance revealed a significant linear effect
of load, F(1,44) = 76.5, P < 0.001, and a significant linear
effect of time, F(1,44) = 192.2, P < 0.001. These main
effects were qualified by linear interactions between group
and time, F(1,44) = 22.5, P < 0.001, and load and time,
F(1,44) = 42, P < 0.05. No other effects were significant.
Similar to memory updating performance, the experimen-
tal group thus improved more in n-back performance due
to training than the control group.

Transfer Tasks

Separate mixed ANOVAs with the factors group (experi-
mental vs. control) and time (Scans 1, 2, and 3) on numeri-
cal n-back and spatial updating performance showed
significant linear and quadratic effects of time for both
measures, all Fs(1,44) > 4.5, Ps < 0.04. No other effects
reached significance, but the linear interactions between
group and time displayed nonsignificant trends for larger
improvement over time for the experimental group,
F(1,44) = 3.9, P = 0.053 for numerical n-back performance
and F(1,44) = 35 P = 0.069 for spatial updating
performance.

Separate mixed ANOVAs with the factors group (experi-
mental vs. control) and time (Scan 1 vs. 3) on figural and
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Figure 2.
(A) Mean numerical updating performance as function of group (experimental vs. control) at
time (Scan 1, 2, and 3), and load (2, 4, 6), (B) mean n-back performance as function of group
(experimental vs. control) at time (Scan |, 2, and 3), and n-back (2, 3, 4).
numerical reasoning performance showed significant only, we restricted further analyses to areas that revealed

effects of time for both measures, F(1,44) = 47.8, P < 0.001
for figural reasoning and F(1,44) = 18.4, P < 0.001 for nu-
merical reasoning performance. No other effects reached
significance.

fMRI Data

We compared brain activity of the experimental group
between Scans 1 and 2 as well as between Scans 2 and 3,
focussing on changes in the contrast of all three load con-
ditions against the implicit baseline. We further identified
the working memory network by computing the contrast
of all load conditions against implicit baseline, averaged
over both groups and all three time points (P < 0.001;
cluster > 22; Fig. 3, Table I). Because we were interested
in changes of brain activity in task-related brain regions

a difference over any two time points and were located
within the working memory network.

Initial increases from Scans 1 to 2 within the working
memory network were found in bilateral striatum (puta-
men), decreases from Scans 2 to 3 were found in the right
striatum (putamen) and the right inferior frontal gyrus
(IFG) (Fig. 3). No regions showing significant decreases
from Scans 1 to 2 were found, and no significant increases
from Scans 2 to 3 were detected.

We extracted percentage signal changes of the regions
within the identified working memory network that also
displayed changes, and computed separate repeated meas-
ures ANOVA with the factors group (experimental vs. con-
trol), load (2, 4, 6), and time (Scans 1, 2, and 3) on these
signal changes. In right striatum (MNI: 25, 0, 6), where we
observed the hypothesized inverted U-shape pattern of an
initial increase and a subsequent decrease in activity within
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Task related activation (all loads > baseline all time points)

Figure 3.

Activation map averaged over 26 subjects of the experimental
group (P < 0.001, cluster extent threshold of P < 0.05) mapped
onto an MNI T|-weighted template. Significant increases in brain
activity from Scan | to 2 are depicted in red. Significant
decreases in brain activity from Scan 2 to 3 are depicted in blue.

the task-related network, the percentage signal changes
(Fig. 4A) showed a main effect of load, F(1,44) = 84, P <
0.01, and a significant quadratic group X time interaction,
F(2,88) = 4.82, P < 0.05. In the left striatum (MNI: -20, 5, 3),
where we found an increase from Scan 1 to scan 2 within
the task network but no subsequent change, percentage sig-
nal changes (Fig. 4B) revealed a main effect of load F(1,44)
= 10.63, P < 0.01, a main effect of time F(1,44) = 4.64, P <
0.05 and a linear and quadratic time x load interaction
Fs(2,88) > 4.6, Ps < 0.05. In the right IFG (MNIL: 43, 20, 6),
where we found a decrease from Scan 2 to 3 within the
working-memory network, the percentage signal changes
(Fig. 4C) revealed a main effect of load, F(1,44) = 55.97, P <
0.001, and a quadratic effect of time, F(1,44) = 596, P <
0.05 and a time x load interaction F(2,88) = 4.70, P < 0.05.
The most relevant and a priori hypothesized quadratic
group x time interaction in the right striatum survives

Working-memory related activation averaged across all loads
and all time points are depicted in yellow. On the left coronal
slice, overlap is seen in bilateral striatum. On the right sagittal
slice, overlap is present in the right IFG.

multiple comparison correction when applying Bonferroni
correction with an overall P-value of P < 0.05 to the three
brain activity based ROIs tested.

To exclude that the control group shows a u-shape pattern
of activation across time with only slightly different location
we explored possible initial increases from Scan 1 to 2 and
decreases from Scan 2 to 3 in the control group. No signifi-
cant regions of increase from Scan 1 to 2 or decrease from
Scan 2 to 3 were found (P = 0.001, cluster > 10).

To verify the effects observed in putamen in a ROI that
was not derived from the present data set we used an ana-
tomical ROI of bilateral putamen. In line with our data-
driven ROI we observed the hypothesized inverted U-
shape pattern of an initial increase and a subsequent
decrease in activity in the experimental group for right as
well as left putamen (Fig. 5). Statistically the interaction of
group X time was significant, F(2,88) = 9.64, P < 0.001

TABLE I. Brain areas of working memory task related activation

Area BA Peak coordinates (MNI) T-score Extent
Bilateral visual cortex, extending up to bilateral parietal cortex 17,18,7, 40 15, =96, 3 20.45 4248
Supplementary motor cortex extending into bilateral premotor cortex 6 -3,0,63 15.31 2901
Bilateral striatum extending into right inferior frontal gyrus 45,13 21,0, 15 518 198
Right middle frontal gyrus 46, 10 39, 39, 27 4.88 55
Left inferior parietal lobule 40 —-57, —45, 18 4.38 35

Contrast of all load conditions against implicit baseline averaged over group and time point, P < 0.001, cluster extent threshold of P <

0.05.
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significant t tests (P < 0.05).

(quadratic, P < 0.001) in right putamen same as in left
putamen, F(2,88) = 5.36, P < 0.01 (quadratic, P < 0.01).

When applying Bonferroni correction with an overall P-
value of p < 0.05 to all five ROIs used (three brain activity
based ROIs and two anatomically defined ROIs), the quad-
ratic group x time interaction in the right striatum sur-
vives multiple comparison correction.

DISCUSSION

This study investigated the dynamics of changes in work-
ing-memory related brain activity as a function of training

of updating in working memory. Participants in an experi-
mental group and in an active control group that trained
on easier tasks with fixed difficulty in shorter daily sessions
than the experimental group were measured before, after
about 1 week, and after more than 50 days of training.
Results revealed larger increases in performance for the
experimental group than for the active control group.
Improvements on untrained working-memory tasks dis-
played nonsignificant trends for being larger in the experi-
mental group than in the control group. Improvements on
reasoning tasks did not differ between groups. It is possi-
ble that the inclusion of the active control group resulted
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in smaller net transfer effects than what has been reported
in previous studies using the suboptimal [Sternberg, 2008]
no-contact control group design [see Klingberg, 2010, for
review].

The experimental group showed bilateral increases of
working-memory related activity in the striatum (specifi-
cally, putamen) after about 1 week of daily training. In the
right striatum, this initial and rapid increase was followed
by decreases, resulting in an inverted u-shape function
relating activity to training over time. These changes were
selective for the experimental group: within the function-
ally defined ROIs activity increases in the right striatum
emerged first in the second posttest after more than 50
days of training for the active control group. In the left
striatum, the initial increases were maintained after more
extensive training and the overall pattern was similar for
the two groups. Within the anatomically defined ROIs of
putamen we found a significant u-shape pattern of activity
selective for the experimental group on the right as well as
on the left side.

The basal ganglia are involved in working memory
[Cools et al., 2008; Frank et al., 2001; McNab and Klingberg,
2008], and may promote selective and dynamic updating of
memory representations that are actively maintained in the
frontal cortex [Frank et al., 2001]. This mechanism may also
allow for the filtering of irrelevant information [McNab and
Klingberg, 2008]. Working-memory-related activity in the
basal ganglia, particularly in the striatum, has previously
been shown to increase in activity after relatively extensive
working memory training [Dahlin et al., 2008; Olesen et al.,
2004; see Dahlin et al., 2009, for review]. Dahlin et al. [2008]
demonstrated that activity increases in the left striatum
(namely in left putamen) overlapped with activity increases
for an untrained working-memory task. This finding has
been interpreted to suggest that increased striatal activity
mediates changes in underlying working-memory ability
[Dahlin et al., 2008, 2009].

The training demands in these previous studies corre-
spond roughly to 20-30 sessions of the present training
protocol for the experimental group. Our study reveals
that increases in striatal activity emerge much earlier in
training than this. In addition, the changes for the active
control group indicate that relatively little daily practice
on easy tasks with fixed difficulty does also result in these
increases, though it took longer time for them to emerge
in the right striatum under such conditions. Our results
also clearly show that striatal activity relates to training in
a nonlinear manner over time. For the experimental group,
these nonlinear changes are even non-monotonic in the
functionally defined right striatum as well as bilateral ana-
tomically defined putamen: The initial increases of task-
related activity were followed by decreases. These findings
suggest that the interpretation of striatal increases as medi-
ating improvements in an underlying working memory
ability must be elaborated. Specifically, if striatal increases
reflect improvements in underlying ability, then one
would predict that these changes would increase at least

monotonically and that they would be more pronounced
in the group receiving more demanding training [e.g.,
Lovdén et al., 2010]. The changes in the right striatum and
bilateral anatomically defined putamen are clearly incon-
sistent with this prediction: The group receiving more
demanding training displayed a decrease in activity fol-
lowing more extended training and task-related activity
tended to be lower in this group after 50 session of train-
ing than it was for the active control group. The similar
pattern of changes in the functionally defined left striatum
for the two groups is also inconsistent with this prediction.
Though the experimental group increases more in per-
formance than the active control group, increases in task-
related activity in the left striatum are very similar in the
two groups.

Several accounts of the present findings are possible. For
example, previous studies have linked the BOLD response
in the striatum to release of dopamine [Schott et al., 2008],
have shown that working memory capacity is related to
dopamine synthesis in the striatum [Cools et al., 2008] and
have shown enhanced dopamine release within the stria-
tum after working memory training [Backman et al., 2011].
The dopaminergic system is highly dynamic. For example,
psychostimulants may rapidly increase extracellular dopa-
mine in the nucleus accumbens [Hemby et al., 1997], but
longer-term use may cause compensatory adaptations that
lead to dopaminergic depletion [Jacobsen et al., 2001;
Schwartz et al., 2007]. In line with such dynamics, the do-
paminergic system changes in a non-linear manner in
response to working memory training [McNab et al,
2009]. Our present results could indicate that, after long-
term working memory training, the dopaminergic system
adapts to an increase in extracellular dopamine induced
by the novel levels of working memory demands, with
functional brain activity returning to baseline. Neverthe-
less, we find an account framed in theories of the dynam-
ics between frontal and striatal regions in skill acquisition
and learning [e.g., Packard and Knowlton, 2002; Seger and
Miller, 2010] more plausible. Specifically, one may argue
that task-related activity rapidly increases in the striatum
when knowledge of the task-rules proceeds from episodic
representations to the process of being automatized. This
notion is consistent with the finding that striatal load-de-
pendent activity emerges first after the baseline assess-
ment. The subsequent reduction of activity in the
functionally defined right striatum and anatomically
defined bilateral putamen may reflect more efficient proc-
essing [Kelly and Garavan, 2005; Poldrack, 2000] or reflect
fully automatized task-rules. In this vein, it is important to
note that the updating period that we modelled in the
analyses contained no overt motor demand, so that the
observed activity changes solely reflect the cognitive
demands of updating in working memory. We also note
that the change in speed during training of the experimen-
tal group may have fostered use of new strategies which
could be considered as an alternative hypothesis for the
changes we observe over time. However, this notion does
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not explain why the active control group shows the same
effects in striatal BOLD signal change but only at the third
measurement, despite the fact that the training of this
group had constant difficulty.

In addition to nonlinear activity changes in the striatum,
we also observed a significant quadratic trend of activity
in the right IFG for both groups, with an initial nonsignifi-
cant trend for small increases followed by robust
decreases. Both training-related increases [Hempel et al.,
2004; Olesen et al., 2004; Westerberg and Klingberg, 2007]
as well as decreases [Dahlin et al., 2008; Hempel et al.,
2004; Kelly and Garavan, 2005; Kelly et al., 2006; Kiihn
et al., 2011] of fronto-parietal activation during working
memory task performance have been reported. It has not
been resolved how to interpret these mixed findings. Our
findings are consistent with a study by Hempel et al.
[2004] that demonstrated that a limited amount of training
on an n-back task resulted in activity increases in the fron-
tal and parietal lobes, and that fronto-parietal activity
decrease after more extensive training.

We thus conclude that both fronto-parietal and striatal ac-
tivity may relate nonlinearly and nonmonotonically to
working-memory training over time, and that activity
changes in the right striatum and in particular bilateral
putamen vary in timing with different training demands.
These results illustrate the importance of multiple measure-
ments for interpreting effects of cognitive training on re-
gional brain activity. Depending on training dosage,
increases, decreases, or no changes may be found. With
three measurement points only, it is likely that we did not
capture the whole curve - relating activity to training over
time. For example, it is possible that activity in the function-
ally defined left striatum continued to increase for a couple
of sessions after our second measurement point and then
decreased, so that the true curve is actually similar in shape
to the inverted u-shape pattern found for the functionally
defined right striatum and the anatomically defined right
and left putamen. Future studies should include dense
measurements of brain activity as a function of training to
further clarify the temporal dynamics of task-related activ-
ity during working-memory related skill acquisition.
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