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Neural correlates of working memory (WM) training remain a matter of debate, especially
in older adults. We used functional magnetic resonance imaging (fMRI) together with
an n-back task to measure brain plasticity in healthy middle-aged adults following an
8-week adaptive online verbal WM training. Participants performed 32 sessions of this
training on their personal computers. In addition, we assessed direct effects of the
training by applying a verbal WM task before and after the training. Participants (mean
age 55.85 ± 4.24 years) were pseudo-randomly assigned to the experimental group
(n = 30) or an active control group (n = 27). Training resulted in an activity decrease
in regions known to be involved in verbal WM (i.e., fronto-parieto-cerebellar circuitry
and subcortical regions), indicating that the brain became potentially more efficient after
the training. These activation decreases were associated with a significant performance
improvement in the n-back task inside the scanner reflecting considerable practice
effects. In addition, there were training-associated direct effects in the additional,
external verbal WM task (i.e., HAWIE-R digit span forward task), and indicating that
the training generally improved performance in this cognitive domain. These results led
us to conclude that even at advanced age cognitive training can improve WM capacity
and increase neural efficiency in specific regions or networks.

Keywords: task-fMRI, working memory training, active control group, verbal working memory, middle-aged
adults, fronto-parietal activation, supramarginal gyrus, n-back task

INTRODUCTION

Working memory (WM) is a capacity-limited cognitive system which is responsible for not only
temporally storing information but also manipulating it (Baddeley, 2010). Research on WM is well
motivated by the fact that WM exhibits correlations with cognitive abilities such as fluid intelligence
(Chooi, 2012), reading comprehension (Daneman and Carpenter, 1980), or mathematical problem
solving (Wiley and Jarosz, 2012). Therefore, during the past decade there has been mounting
interest in training designs aimed at improving our WM capacity. The most prominent target
population of such cognitive interventions is the older demographic group, as it has been shown
that WM capacity decreases with age (Park and Reuter-Lorenz, 2009; Pliatsikas et al., 2018).
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The present paper focuses on the investigation of verbal working
memory (vWM) and its training-associated changes, since vWM
has been less investigated as compared to visuo-spatial WM,
and has a tremendous importance for the daily life. There have
been some attempts to study the neural correlates of vWM. In a
recently published paper we performed a systematic fMRI meta-
analysis to explore the neural correlates of vWM (Emch et al.,
2019). We found vWM was associated with brain activity within
a fronto-parieto-cerebellar network as well as subcortical regions,
such as parts of the basal ganglia.

There have been studies since 2002 aiming at investigating the
effects of WM training, showing that WM can be improved when
adequate training procedures are used (Klingberg et al., 2002; see
von Bastian and Oberauer, 2014 for a review). A meta-analysis
from last year demonstrated functional brain changes following
WM training within different networks such as the dorsal
attention and salience network, sensory areas, and striatum
(Salmi et al., 2018). Moreover, a number of studies suggested that
younger adults benefit more from training than older participants
(Dahlin et al., 2008; Li et al., 2008), but behavioral plasticity
effects have also been reported at advanced age (Borella et al.,
2010), and even more advanced age (Buschkuehl et al., 2008).
However, the lifelong potential for plasticity is far from being
fully understood. Apart from these unresolved questions results
of previous studies investigating the effects of WM training on
brain activation are still quite heterogeneous, both with regard
to location as well as direction (i.e., increases vs. decreases) of
reported activation changes (Salmi et al., 2018). One important
reason could be the methodological heterogeneity of the studies:
Thus, the studies or study samples differed with regard to (1) age
neglecting the fact that older populations present differences
not only in brain function but also in behavioral performance
compared to younger populations; (2) training tasks as well
as intensity and duration of the trainings (Salmi et al., 2018)
which can lead to less or stronger WM training effects (Jaeggi
et al., 2008); thus, as summarized in a systematic review on
the effects of WM training (von Bastian and Oberauer, 2014),
increasing the total duration of the training seems to increase
the probability that training effects carry over to cognitive
processes not directly practiced by the training; (3) training
conditions, i.e., in some studies participants performed the
training sessions in the vicinity of the investigators in order
to control whether the participants were doing the training
(Jansma et al., 2001; Miró-Padilla et al., 2018), thus neglecting
the observer’s paradox which could go along with a decrease
in WM training effects. Given the decline in WM capacities
with increasing age the decrease caused by the observer’s
paradox might be even more pronounced in older populations;
(4) participants’ motivation which had sometimes not been
taken into account despite evidence of its impact on training
gains especially in older populations (Carretti et al., 2011); and
(5) the type of control condition (i.e., waiting control group
without contact to the investigator vs. passive control group
vs. active control group). Whereas the implementation of a
“no contact” or “passive” control group allows retesting the
effects arising from pre- and post-designs, an active control
group additionally controls for expectancy effects and generic

intervention effects, such as consequences of using a computer
or having a regular training schedule (von Bastian and Oberauer,
2014). All these issues mentioned above should be considered
when investigating the effects of a WM intervention program.
Hence, taking the following aspects into consideration might
counteract further result heterogeneity: The training should
ideally be administered in the form of an online training
unobserved by the investigator thus minimizing the negative
impact of observation on performance while allowing to monitor
participants and safeguarding regular participation (Kulikowski
and Potasz-Kulikowska, 2016). As stated before, participants’
motivation should be taken into account since it has been shown
to impact training gains (Linares et al., 2019). In order to motivate
participants to continuously improve their WM capacity and
complete the task, in the present study mean reaction time, and
accuracy was reported at the end of each block. We are highly
confident that this boosted participants’ motivation to improve
from one session to the next.

We investigated a group of healthy middle-aged volunteers
within a limited age range (i.e., 50–65 years). The inclusion
of this age group should minimize the influence of relevant
age-related changes, such as atrophy or amyloid plaques, while
maximizing the usefulness of the training with regard to training
gains. We also avoided the inclusion of subjects with cognitive
impairment and cognitive complaints, which are preclinical
cognitive declines associated with dementia (Knopman, 2012).
The selected participants performed an adaptive online WM
training task (i.e., n-back task with each session level adapted
to the participant’s performance) in order to keep task demands
and motivation on a high level. Regarding training extent
little is known about the ideal training duration. The number
and duration of training sessions varies strongly amongst the
published studies up to now. Most trainings contain about
20 training sessions each lasting about 30 min, but only
little systematic research investigated the optimal intensity and
duration of WM training interventions. Given findings by Jaeggi
et al. (2008) who reported dose-dependent training effects (i.e.,
the longer the training, the larger the effects) we decided
for an above-average training extent comprising 32 sessions
with a total duration of 8 weeks which should be sufficient
to cause significant training-related effects. We employed an
active control training demanding a low-level vWM training
task for the verbal task (i.e., 1-back level), to make sure that
training conditions were the same for both groups to control
for the Hawthorne effect which describes an improvement
in the participant’s performance in response to the increased
attention to their behavior (Landsberger, 1958). Finally, to assess
potential direct effects of the training, a vWM task was employed
before and after the training (i.e., HAWIE-R digit span forward
and backward), which is an established test to investigate this
cognitive construct.

The aim of this study was to investigate the behavioral and
neural changes following an adaptive online verbal WM training
in healthy middle-aged participants between 50 and 65 years old.
We expected to provide evidence for neural plasticity and/or
improvement in behavioral performance in healthy adults within
this specific age range.
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MATERIALS AND METHODS

Participants
Sixty-three subjects participated in the study. Six participants
had to be excluded due to different reasons: one subject
dropped out after the first session, two participants had clinically
relevant alterations in brain structure, one volunteer moved
more than 3 mm during the task-fMRI, one subject’s scanning
data was not completely saved, and one participant was a
training outlier. Therefore, the final sample contained fifty-seven
healthy right-handed volunteers (28 male, 29 female) ranging
between 50 and 65 years (mean age = 55.85 ± 4.24; mean
years of education = 16.56 ± 3.14). Subjects were recruited via
advertisements in the internet or newspaper. First, a telephone
interview was conducted to assess the basic inclusion criteria:
right handed, no mental disorder and presence of metal in
the body. Afterward, the following diagnostic checklists were
performed: the short form of the geriatric depression scale (GDS)
(Yesavage et al., 1983), the mini-mental-status-test (MMST)
(Folstein et al., 1975), the clock drawing test (Berit and Ove,
1998), and the M.I.N.I. International Neuropsychiatric Interview
(Sheehan et al., 1998). Based on these screening, left-handed
subjects, subjects with depression or other types of psychiatric
disorders, and subjects with cognitive impairments were excluded
from the study (see Figure 1 for study design).

Written informed consent was provided by each subject
before the first session. Study participation was remunerated.
Assignment of participants to one of the two groups
(experimental or control group) occurred pseudo-randomly
taking into account gender, age and years of education (YOE).
The experimental group included 30 participants (mean
age = 55.8 ± 4.3, 15 female, mean YOE = 16.96 ± 3.18),
the control group consisted of 27 participants (mean
age = 55.92 ± 4.25, 14 female, mean YOE = 16.11 ± 3.11).
There were no significant differences between both groups
regarding age, sex or YOE (p = 0.91, p = 0.89, p = 0.31,
respectively). The study was approved by the Ethical Committee
of the Klinikum Rechts der Isar and the Federal Office for
Radiation Protection.

Experimental Paradigm
Adaptive Online WM Training Task
We used the n-back task as WM training paradigm, in which
letters are presented sequentially and the subject is asked to
press a key whenever the current letter is identical to the one
that appeared n-back positions earlier in the sequence. The
active control group performed a low-level vWM training (i.e.,
stable level of verbal 1-back task). The vWM training of the
experimental group was based on an adaptive online n-back
paradigm comprising 9 blocks per session adapted from Jaeggi
et al. (2010). In each block 6 targets were presented, meaning that
the total number of possible hits was 54 per session. Both groups
completed 32 training sessions with four sessions per week
(i.e., 8 weeks in total) on their personal computers. Participants
had the restriction of only performing one training session per
day. In order to be able to analyze the training data we used

the Inquisit software [Inquisit 5 (2016) retrieved from: https:
//www.millisecond.com], which is a precision software for online
psychological experiments allowing the investigator to check
for training participation and performance directly after each
session. Each vWM training session started with a 1-back level
and the level increased/decreased or stayed the same depending
on the subject’s performance. Given a percentage of at least
90% correct answers, the n-back level increased by one in the
next block. Given an accuracy level below 80%, the n-back level
decreased by one. Otherwise, the n-back level remained the same.
The maximum n-back level a participant could reach was 9.
Both groups received a feedback at the end of each block (with
regard to mean RT and percentage of correct answers). Both
groups performed two different WM training modalities: verbal
and visual n-back task. Given that the regions involved in verbal
and visual WM processes are known to differ and considering
that the visual n-back training differed significantly from the
verbal training (i.e., the presented stimuli consisted of yellow
abstract random shapes with low association value; the starting
level was lower because of the unfamiliarity of the random
shapes; and the active control group performed an attentional,
i.e., X-back, visual online training) results of the visual training
are reported elsewhere.

Task-fMRI Paradigm
In the scanner, subjects likewise performed a visual and a verbal
n-back task. As already mentioned, visual WM results will be
reported elsewhere. The WM paradigm was explained to the
subjects before entering the scanner. In addition, subjects were
asked to perform a short training version of the task to familiarize
themselves with the stimulus presentation. Participants were
allowed to repeat the practice task until they reported that
they fully understood the task. The vWM task comprised the
presentation of 26 capital white letters from the alphabet on
a black background in the form of a block design. The whole
task consisted of seven blocks of control condition (i.e., X-back
task) and seven blocks of active task condition (i.e., 3-back task)
presented in random order. Each condition lasted 45 s and
consisted of 5 s of an instruction display indicating the following
condition in German (3-back or X-back/0-back), 5 s of a fixation
cross presentation, and 35 s of presentation of the letters (see
Figure 2). Each block contained three possible hits giving a
maximum of 21 possible hits per session and per condition. In the
3-back task any letter could be a target, in the X-back condition
only the capital letter “X” was a target. The order of presentation
with regard to verbal and visual n-back task was counterbalanced
between the first and the second session. They did not receive a
performance feedback after each block as in comparison for the
training sessions.

Direct Effects
In order to investigate potential direct effects of the vWM training
we asked participants to perform the HAWIE-R digit span sub-
test (forward and backward version) (Molz et al., 2010) before
and after the 32 training sessions. This test requires the subject
to repeat up to nine numbers in the same order as read aloud
by the examiner (forward version), and afterward in reverse
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FIGURE 1 | Experimental design. Scan image taken from © Siemens Healthcare GmbH, 2019.

FIGURE 2 | Example of the n-back fMRI task with the two conditions (i.e., left side, X-back; right side, 3-back).

serial order (backward version). Every item on the digit span
test consists of two trials, each of which is scored with either 0
(incorrect) or 1 (correct). In case of at least one correct response,
the examiner proceeds to read aloud the next-larger sequence of
numbers. The task was explained beforehand and all participants
practiced one short version of the task in order to familiarize
themselves with the task. Performance assessment was based on
the values of each subtest from the HAWIE-R and the test was
orally presented with a rate of one number per second. The
whole procedure lasted no more than 8 min. We hypothesized
that if the participants successfully trained a specific process
(i.e., vWM), they should demonstrate a significantly improved
performance also in another test investigating the same process
(i.e., HAWIE-R digit span).

Behavioral Analysis
We used JASP1 and IBM SPSS Statistics software (Version
25 Armonk, New York, NY, United States) to analyze the
fMRI behavioral data and the HAWIE-R test data. Two
different statistical programs were employed to double-check the

1https://jasp-stats.org/

correctness of our results. Python version 3 was used to analyze
the training data and scipy.stats was the package used for the
statistical analyses. For the fMRI behavioral data we conducted
two repeated-measures analyses of variance (ANOVAs) with
Group (experimental group vs. control group) as between-
subjects factor, Session (S1 vs. S2) as within-subject factor, and
mean reaction time or d’ values during each condition (3-back or
X-back) as dependent variable. We selected d’ instead of accuracy
values [hits – false alarms (FA)] because this parameter takes
the range for both components into account by calculating the
relative proportion of hits minus FA (Haatveit et al., 2010; Meule,
2017). Higher values of d’ means better performance whereas
lower values of d’ values means worse performance. We also
performed a two-sample t-test between the active control and
the experimental group at S1 (for the 3-back and X-back d’
values as well as mean reaction time) to test whether there were
any baseline differences between the groups. For the HAWIE-
R subtest we likewise conducted repeated-measures ANOVAs
with Group (experimental group vs. control group) as between-
subjects factor and Session (S1 vs. S2) as within-subject factor.

For the training data, we analyzed the mean n-back level
achieved in each session as well as the d’ values. As data
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from the last three sessions of one subject in the experimental
group were lost, we interpolated the missing data with her own
previous training data with a forward linear method. T-tests
comparing the first four and the last four sessions were performed
to investigate whether there was a significant improvement in
training performance in both groups.

fMRI Acquisition
There were two scanner sessions: one immediately (i.e., no longer
than 9 days) before the 8 weeks online training (S1) and another
one immediately (i.e., no longer than 9 days) after the training
(S2). The WM paradigm was presented using Presentation R©

software (Version 18.0, Neurobehavioral Systems, Inc., Berkeley,
CA, United States)2. The participants were able to see the task
through a mirror fixed to the head coil which reflected the MRI-
compatible screen. Participants were positioned supinely in the
scanner. Their responses were collected via fORP 932 subject
response package (Cambridge Research Systems). Participants
held the button-box in their right hand and the emergency button
in their left hand.

Images were acquired on a 3 T Biograph MR-PET Siemens
scanner (Siemens, Erlangen, Germany), equipped with a 16-
channel head coil at the Klinikum rechts der Isar, Munich,
Germany. Specific cushions were used to prevent head
movement. The imaging protocol included the following
sequences: T1 MPRAGE, T2, FLAIR, DTI, echo-planar imaging
(EPI) resting state, task-fMRI, and FDG-PET. Scan sessions
lasted approximately 1 h. Results of the other sequences (i.e.,
DTI, resting-state fMRI, and FDG-PET) will be reported
elsewhere. A high-resolution MPRAGE anatomical sequence was
acquired with the following parameters: 160 slices; TR = 2300 ms;
TE = 2.98 ms; flip angle = 9◦; voxel size = 1.0 × 1.0 × 1.0; slice
thickness = 1 mm; no gap; FOV = 256 mm; interleaved
acquisition. Functional data were obtained using a gradient-echo
T2∗-weighted EPI sequence with the following parameters:
237 slices; TR = 2700 ms; TE = 30 ms; flip angle = 90◦; voxel
size = 3.0 × 3.0 × 3.0; slice thickness = 3 mm; 0.6 mm gap;
FOV = 192 mm; interleaved acquisition. The same sequences
were used in S1 and S2.

Image Preprocessing
Preprocessing as well as statistical analysis of fMRI data were
conducted with SPM12 (Wellcome Department of Imaging
Neuroscience, London, United Kingdom)3 in MATLAB v2018b.
First, we performed head motion correction. Here the functional
images were realigned and resliced to fit the mean functional
image and then co-registered to the MPRAGE image using
normalized mutual information. Movement was visually checked
for each participant and participants moving more than 3 mm
maximum displacement were not included in the final dataset.
For the final dataset (n = 57) we calculated the root mean
squared head position change (RMS movement) and converted
the rotation parameters from degree to mm by calculating
displacement on the surface of radius 50 mm to get the frame

2www.neurobs.com
3http://www.fil.ion.ucl.ac.uk/spm

TABLE 1 | Head motion parameters.

Experimental
group

Control group Group
differences

p-value

fMRI (S1) Translation (mm) 0.109 ± 0.052 0.098 ± 0.063 0.505

Rotation (rad) 0.045 ± 0.023 0.041 ± 0.027 0.512

fMRI (S2) Translation (mm) 0.104 ± 0.051 0.09 ± 0.044 0.252

Rotation (rad) 0.043 ± 0.022 0.036 ± 0.018 0.203

Mean translation in mm ± SD and mean rotation in radius ± SD are presented
for both groups and time points. T-tests were performed between groups at
both time points.

wise displacement (FD), as reported by Power et al. (2012,
2014). The FD is defined as the sum of absolute derivatives
of these six parameters with the three rotational parameters
converted to distance. There were no significant differences
in both head motion parameters between both groups in S1
or S2 (see Table 1 for head movement parameters). Because
subject motion not only degrades resting but also task-fMRI
data, we censored some images to improve quality of task
fMRI, as suggested in Siegel et al. (2014). We used a strict
threshold of FD > 0.5 mm to censor the data since our
study is based on a healthy cohort. We created a motion
regressor taking into account the censored images. Then, we
applied the Diffeomorphic Anatomical Registration Through
Exponentiated Lie algebra (DARTEL) pipeline (Ashburner, 2007)
to obtain a group specific structural template. We used it for
segmentation and normalization to MNI space. Finally, data
were smoothed using a 6 mm × 6 mm × 6 mm FWHM
Gaussian Kernel.

Image Analyses
A general linear model at the single subject level was conducted
to obtain the task activation contrasts of interest. The task
design function was convolved with a canonical haemodynamic
response function (HRF) and its time derivative, allowing for
a slight temporal shift. Six motion realignment parameters and
motion censor regressor (i.e., FD > 0.5 mm) were included as
covariates of no interest. We used a high-pass filter of 220 s
to the functional data to eliminate low-frequency components
because the default filter (128 s) was not adequate for our design
(i.e., a filter of 128 s would have removed parts of the task-
related activation).

For the second level analysis we conducted a one-sample
t-test to obtain areas activated during the n-back task
(3-back > X-back level) in general. We also performed a
two-sample t-test to examine whether there were differences
at S1 between the experimental and the active control
group. The longitudinal analyses were performed by assessing
the interaction effects between Session (S1 vs. S2) and
Group (experimental group vs. control group) using the
factorial design in SPM. The statistical criterion was set at
p < 0.05 false-discovery rate (FDR) corrected. In addition,
the number of expected voxels per cluster was used an as an
extent threshold.
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RESULTS

Behavioral Results
Cognitive Training
As is illustrated in Figure 3, the experimental group showed a
significant improvement in both n-back level and d’ values (both
p < 0.001) when comparing performance between the first and
the last four training sessions. In the control group, only d’ values
were analyzed, since the n-back level (i.e., 1-back level) stayed
the same during all training sessions. Expectedly, d’ values of the
control group did not significantly differ between the first and last
four training sessions (p = 0.184).

Direct Effects
The average HAWIE-R forward subtest values for the control
group were 7.37 (SD = 0.41) at S1 and 6.89 (SD = 0.33) at
S2. Those for the experimental group were 7.77 (SD = 0.39)
at S1 and 8.83 (SD = 0.32) at S2. The repeated measures
ANOVA on the HAWIE-R forward subtest showed a non-
significant effect of Session [F(1,55) = 2.46, p = 0.122] but a
significant main effect for Group [F(1,55) = 5.94, p = 0.018].
The interaction between Session and Group was significant
[F(1,55) = 17.248, p < 0.001, Figure 4]. Post hoc analyses
revealed a performance decrease in the control group (p = 0.045)
and a highly significant improvement in the experimental
group (p < 0.001).

The average HAWIE-R backward subtest values for the
control group were 6.85 (SD = 0.33) at S1 and 7.48 (SD = 0.43)
at S2. Those for the experimental group were 6.73 (SD = 0.31)
at S1 and 7.5 (SD = 0.41) at S2. The repeated measures ANOVA
on the HAWIE-R backward subtest showed an effect of Session
[F(1,55) = 5.78, p = 0.02] and no effect of Group [F(1,55) = 0.013,
p = 0.91]. The interaction between Group and Session yielded no
significant results [F(1,55) = 0.056, p = 0.814].

Task-fMRI (d’)
The comparison between experimental and active control group
yielded no significant differences at baseline (S1) in any condition
for d’ values (i.e., 3-back: p = 0.864 and X-back: p = 0.124).
The average 3-back d’ values for the control group were 2.73
(SD = 0.53) at S1 and 2.96 (SD = 0.61) at S2. Those for
the experimental group were 2.74 (SD = 0.51) at S1 and 3.69
(SD = 0.78) at S2 (see Figure 5A). The repeated measures
ANOVA on the 3-back d’ values showed a main effect for Session
[F(1,55) = 47.03, p < 0.001] and for Group [F(1,55) = 10.33,
p = 0.002] and, accordingly, the interaction between Session
and Group was significant [F(1,55) = 18.07, p < 0.001]. Post
hoc analyses revealed no significant improvement in the control
group (p = 0.06), but a highly significant improvement in the
experimental group (p < 0.001).

For the X-back condition the control group had mean d’ values
of 4.18 (SD = 0.13) and 4.08 (SD = 0.19) at S1 and S2, respectively,
whereas the experimental group had a mean of 4.10 (SD = 0.29)
and 4.13 (SD = 0.21) at S1 and S2, respectively (see Figure 5B).
The repeated measures ANOVAs for the X-back condition
yielded no significant main effect for Session [F(1,55) = 0.93,
p = 0.34] or Group [F(1,55) = 0.331, p = 0.567]. The interaction
was also not significant [F(1,55) = 2.74, p = 0.103] indicating no
performance improvement for the X-back condition in any group
after the training.

Task-fMRI (Mean Reaction Time)
The comparison between experimental and active control group
yielded no significant differences at baseline (S1) in any condition
for mean reaction time (i.e., 3-back: p = 0.646 and X-back:
p = 0.531). Mean reaction time (RT) 3-back for the control group
was 782.7 ms (SD = 183.75) at S1 and 713.04 ms (SD = 172.31)
at S2, whereas the experimental group had a mean RT of
805.71 ms (SD = 191.67) at S1 and 567.35 ms (SD = 155.75) at

FIGURE 3 | Verbal working memory (vWM) training performance of the experimental group. (A) Mean verbal d’ values across all 32 sessions. (B) Mean verbal
n-back level across all 32 sessions.
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FIGURE 4 | HAWIE-R subtest digit span (forward version) results. Data are
presented as mean values ± SEM. ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001;
S1, first time point; S2, second time point; CON, control group; and EXP,
experimental group.

S2 (see Figure 6A). The repeated measures ANOVA conducted
for 3-back mean reaction time showed a main effect of Session
[F(1,55) = 42.1, p < 0.001], no effect of Group [F(1,55) = 2.3,
p = 0.134], and a significant interaction between both factors
[F(1,55) = 12.63, p < 0.001]. Post hoc analyses revealed a
significant improvement from S1 to S2 in the control group
(p = 0.0017) as well as in the experimental group (p < 0.001,
see Figure 6A).

In the X-back condition, the control group had a mean RT
of 446.93 ms (SD = 72.95) at S1 and a mean RT of 403.21 ms
(SD = 72.32) at S2, whereas mean RT in the experimental group
was 458.62 ms (SD = 66.3) at S1 and 428.06 (SD = 60.53) at
S2 (see Figure 6B). The repeated measures ANOVA for X-back
showed a main effect of Session [F(1,55) = 22.51, p< 0.001] but no
significant effect for Group [F(1,55) = 1.27, p = 0.265]. There was
also no significant Session by Group interaction [F(1,55) = 0.706,
p = 0.404]. This means that both groups improved after the
second session. Post hoc analyses revealed that both the control

group (p = 0.002) as well as the experimental group (p = 0.002)
improved from S1 to S2.

Neuroimaging Results
The whole-brain one-sample t test to investigate the brain regions
activated in the n-back task (3-back > X-back) independent
from training revealed wide-spread cortical as well as subcortical
activity (Figure 7). We found activity mainly in bilateral
precuneus, superior parietal lobule, inferior parietal lobule,
superior frontal gyrus, sub-gyral frontal lobe, medial frontal
gyrus, cingulate gyrus, and different parts of the cerebellum.
There was also activity in the thalamus, specifically in the medial
dorsal nucleus and in subcortical regions such as insula and
caudate. These results were p< 0.05 FDR corrected with a cluster
extension of k = 53 voxels.

We also performed a two-sample t test at S1 to investigate
whether there were any baseline differences between the
experimental and the active control group in the n-back
task (3-back > X-back). The analysis yielded no significant
differences. This means that we can interpret the differences
between the groups at S2 as differences arising from the training.
All results were p < 0.05 FDR corrected.

The factorial repeated-measures ANOVAs with Group
(experimental group vs. control group) as between-subjects factor
and Session (S1 vs. S2) as within-subject factor investigating
the effects of the cognitive training in both groups for
3-back vs. X-back showed significant results for the interaction
Experimental Group (S1 > S2) > Control Group (S1 > S2) in
mainly superior frontal and parietal regions (see Table 2). The
reverse contrast did not yield any significant results. In addition,
the comparison Experimental Group S1> Experimental Group S2
yielded significant activation in mainly cerebellum and parietal
regions (supramarginal gyrus) (see Table 3 and Figure 8). The
reverse contrast did not yield any significant results indicating
that there was a reduction of activity in specific brain regions
in the experimental group after the training. The Control Group
S1 > Control Group S2 as well as the Control Group S1 < Control

FIGURE 5 | D’ values results. Data are presented as mean values ± SEM. (A) 3-back condition results. (B) X-back condition results. ∗p < 0.05, ∗∗p < 0.01,
∗∗∗p < 0.001; S1, first time point; S2, second time point; CON, control group; and EXP, experimental group.
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FIGURE 6 | Mean RT (in ms) results. Data are presented as mean RT ± SEM. (A) 3-back condition results. (B) X-back condition results. ∗p < 0.05, ∗∗p < 0.01,
∗∗∗p < 0.001; S1, first time point; S2, second time point; CON, control group; and EXP, experimental group.

Group S2 contrast did not show any significant results. All results
were p < 0.05 FDR corrected.

DISCUSSION

In the present study, we applied task-fMRI to investigate neural
and behavioral effects of an 8-week adaptive online vWM training
in middle-aged healthy subjects. We found no differences in brain
activity during the n-back task between the experimental and
active control group at baseline. Comparing both time points
the results showed no activation differences in the control group,
but a significantly decreased activation in vWM characteristic
regions in the experimental group after the training. These
activation decreases, most probably reflecting training-associated
gains in cerebral efficiency, were accompanied by significant
vWM performance improvements in the experimental group.

Pre-training Activation
The general (i.e., training-independent) activation in a
predominantly fronto-parieto-cerebellar network that we found
by analyzing activation of the whole group at the first timepoint
is largely in line with previous studies investigating vWM (Owen
et al., 2005; Rottschy et al., 2012; Emch et al., 2019). However,
one aspect which seems to distinguish the present results from
previous findings especially in, on average, younger populations
is the rather bilateral prefrontal activation in the present study
(Cabeza, 2002; Cabeza et al., 2004). This weakly lateralized
activity in predominantly frontal areas speaks in favor of the
hemispheric asymmetry reduction in older adults (HAROLD)
model (Cabeza, 2002) stating that lateralization/specialization
in brain activity decreases with increasing age. There are
different hypotheses regarding the underlying mechanism. One
hypothesis assumes a compensatory mechanism underlying this
activity expansion, whereas another assumption suggests a less
specific recruitment of neural networks due to gradual changes
that happen with age. Even though the present findings do not
allow drawing any conclusions on the mechanism explaining this

FIGURE 7 | N-back activation at baseline (i.e., one-sample t-test for
3-back > X-back at p < 0.05 FDR corrected with a cluster extension of
k = 53 voxels).

phenomenon, they nevertheless provide additional support in
favor of this model.

Training-Related Changes in Activation
Adaptive online vWM training resulted in reduced brain
activity in several parietal areas, first and foremost in the
left supramarginal gyrus (SMG), which has been found to
be important for the phonological store component, although
the exact neural basis of this WM component is still under
debate (Buchsbaum and D’Esposito, 2008; Aboitiz et al., 2010).
We also found reduced activation in the right homologous
region. The right SMG has also been reported to be engaged
during vWM in a study by Deschamps et al. (2014). When
inhibiting activation of the SMG by applying TMS on both
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TABLE 2 | List of higher brain activation in the experimental group at S1 compared to S2 [i.e., experimental group (S1) > experimental group (S2) at p < 0.05 FDR
corrected with a cluster extension of k = 10 voxels].

MNI space

Name BA Cluster extent x y z Z-value

L. Cerebellum (Tuber) – 25 −42 −76 −30 5.11

R. Substantia nigra – 48 20 −20 −6 4.99

R. Supramarginal gyrus 40 294 60 −48 26 4.9

L. Supramarginal gyrus 40 533 −50 −50 38 4.81

L. Cerebellum (Uvula) – 240 −22 −72 −26 4.79

L. Middle temporal gyrus 20 66 −56 −36 −8 4.65

R. Cingulate gyrus 31 40 22 −52 24 4.3

R. Cuneus 7 441 16 −72 38 4.27

R. Posterior cingulate 23 22 4 −30 26 4.22

R. Middle occipital gyrus 19 24 42 −78 16 4.21

L. Lentiform nucleus – 24 −12 4 −2 4.18

L. Cerebellum (Uvula) – 116 22 −84 −26 4.13

L. Cerebellum (Tonsil) – 105 −28 −58 −48 4.12

L. Lingual gyrus 19 50 −18 −66 6 4.12

R. Cerebellum (Declive of Vermis) – 58 0 −70 −22 4.11

R. Middle frontal gyrus 9 35 32 26 30 4.09

L. Cerebellum (Culmen) – 27 −22 −50 −24 4.09

R. Cerebellum (Tonsil) – 33 8 −64 −42 4.01

R. Paracentral lobule 5 57 20 −30 54 3.97

L. Cerebellum (Declive) – 26 −40 −78 −16 3.93

R. Middle frontal gyrus 6 12 36 20 40 3.80

L. Posterior cingulate 29 40 −2 −48 12 3.78

R. Precentral gyrus 4 29 34 −20 58 3.78

L. Middle frontal gyrus 10 12 −32 44 10 3.78

R. Superior frontal gyrus 9 28 28 56 24 3.75

R. Superior parietal lobe 7 31 26 −66 52 3.73

L. Superior occipital gyrus 19 20 −34 −74 36 3.72

L. Inferior occipital gyrus 18 11 −34 −88 −2 3.69

R. Cuneus 18 19 12 −80 26 3.65

R. Cerebelleum (Culmen) – 13 6 −38 0 3.65

R. Inferior parietal lobule 40 23 52 −30 36 3.65

R. Thalamus – 17 4 −2 6 3.62

R. Middle occipital gyrus 18 10 32 −86 12 3.6

L. Middle temporal gyrus 37 12 −38 −60 12 3.59

L. Middle temporal gyrus 39 10 −48 −72 22 3.59

R. Thalamus – 14 6 −12 12 3.55

R. Cerebellum (Culmen) – 18 36 −52 −28 3.52

L. Superior frontal gyrus 8 21 −4 46 42 3.52

L. Parahippocampal gyrus 30 12 −12 −42 4 3.51

L, left; R, right; BA, brodmann area.

sides participants had a slower performance in the verbal 2-back
task – an indicator for the involvement of the bilateral SMG
in vWM. We also found decreased activation in a number
of additional frontal, parietal and cerebellar regions, and thus
in regions known to closely interplay in any kind of WM
task (Owen et al., 2005; Rottschy et al., 2012; Emch et al.,
2019). Surprisingly, there was also a decreased activation in the
right substantia nigra, which supports the previously discussed
hypothesis that this region is not only crucial for motor functions
but also involved in learning and memory functions (Packard
and Knowlton, 2002). Moreover, decreased activation in the

experimental group after the training was detectable in the
middle temporal gyrus. In a study with chronically intractable
epilepsy patients this region has been found to represent stimuli
held in WM (Kornblith et al., 2017). While up to the publication
of this study the role of the middle temporal gyrus in WM
processes was controversial, it is assumed to play a central
role in the temporary maintenance of stimuli in WM. In
addition, there was a reduced activity in the bilateral posterior
cingulate gyrus, which is robustly activated during vWM tasks
as demonstrated in our recently published meta-analysis (Emch
et al., 2019), as well as in the bilateral cuneus, which has been
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TABLE 3 | List of brain activations for the interaction [i.e., experimental group (S1 > S2) > control group (S1 > S2) at p < 0.05 FDR corrected with a cluster extension of
k = 6 voxels].

MNI space

Name BA Cluster extent x y z Z-value

R. Cerebellum posterior lobe (declive) – 29 0 −68 −22 5.07

L. Cerebellum posterior lobe (crus I) – 14 −42 −76 −30 4.79

R. Substantia nigra – 28 18 −22 −6 4.66

L. Middle temporal gyrus 20 8 −58 −38 −8 4.65

R. Cerebellum posterior lobe (tonsil) – 10 16 −66 −34 4.44

L. Cerebellum posterior lobe (inferior semi-lunar) – 87 −22 −76 −36 4.43

R. Middle occipital gyrus 19 9 40 −80 18 4.33

R. Angular gyrus 39 16 46 −58 40 4.33

L. Middle temporal gyrus 39 25 −52 −70 26 4.23

R. Superior frontal gyrus 9 11 18 50 28 4.23

R. Middle frontal gyrus 9 11 32 28 30 4.13

R. Superior frontal gyrus 9 7 18 56 24 4.09

L. Supramarginal gyrus 40 19 −50 −50 38 4.08

L. Parahippocampal gyrus 30 7 −12 −42 6 4.03

R. Supramarginal gyrus 40 15 60 −46 24 4.02

L. Middle temporal gyrus 39 27 −48 −62 38 4.00

R. Posterior cingulate 29 7 4 −44 10 3.97

R. Anterior cingulate 32 7 6 46 4 3.93

L. Cuneus 7 6 −2 −72 40 3.91

R. Occipital lobe (cuneus) 18 7 12 −80 24 3.9

L, left; R, right; BA, brodmann area.

reported to be activated with increasing memory load in vWM
(Habeck et al., 2012).

These results are consistent with previous neuroimaging
studies that show decreased activation in regions involved in
WM processing following cognitive training (Schneiders et al.,
2012; Schweizer et al., 2013; Miró-Padilla et al., 2018). Critically,
none of these studies included an active control group. Hence,
although the findings of these studies are relevant, it remains
somewhat unknown whether the reported training effects were
specific to WM or to the training itself, regardless of the type
of training. Conversely, a study by Thompson et al. (2016)
studied WM training effects with an active control group. Their
experimental group performed WM training with a dual n-back
task, the active control group performed a similarly intensive
visuospatial training task demanding multiple objects tracking
whereas the passive control group did not participate in any
training but merely performed the same n-back task as the
other groups before, and after the WM training time interval.
They found that the experimental group compared to the active
control group exhibited significantly reduced brain activity at
2-back and 3-back conditions in WM characteristic fronto-
parietal networks. Vartanian et al. (2013) performed a study to
investigate the effects of a verbal n-back training on a classical
test of divergent thinking. Participants in the active control group
completed a 4-choice RT task. The experimental group showed
activity reductions in specific regions of the prefrontal cortex.
Brehmer et al. (2011) examined the neural activity following
5 weeks of intensive WM training in healthy older adults. Similar
to our design, in this study the experimental group received

an adaptive training whereas the active control group did a
fixed low-level practice. They did not find specific training-
related changes in WM but the experimental group showed
a larger decrease in cortical brain regions compared to the
active control group in a high load WM task. As mentioned
before, given methodological differences between studies, results
on WM training effects are still heterogeneous with some
studies also reporting training-associated increases in activation
(Salmi et al., 2018). Nevertheless, our findings and the results
of methodologically similar studies led us to conclude that
the decreased activation in WM areas after training can be
interpreted as an indicator of a training-associated increase in
neural efficiency (i.e., less neural energy needs to be invested in
order to attain the same or an even better performance level after
training). In other terms, practice-related activation decreases are
the result of a more efficient use of specific neuronal circuits
(Poldrack, 2000; Kelly and Garavan, 2005). This assumption
is supported by a couple of additional aspects. First, studies
demonstrating a negative association between WM activation
and performance -i.e., with better performing subjects showing
less activation in WM-characteristic networks (Bokde et al.,
2010; Zilles et al., 2016)- reinforce this hypothesis. Second, the
above mentioned HAROLD model is based on this assumption.
According to this model younger people, usually characterized
by higher cognitive capacities, tend to demonstrate less (i.e.,
more restricted, more lateralized) activation in relevant networks
compared to elderly people. Third, findings showing a linear
relationship between vWM demands and activation in WM-
relevant regions clearly illustrate an association between the
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FIGURE 8 | Results of the adaptive online n-back training [i.e., experimental group (S1 > S2) > control group (S1 > S2) for 3-back > X-back at p < 0.05 FDR
corrected with a cluster extension of k = 6 voxels). Coordinates are in MNI space and the color bar expresses the t-score.

level of cognitive demand and the strength and extent of neural
activation (Champod and Petrides, 2010). Also, our results
are somewhat consistent with the CRUNCH theory, which
stands for the “compensation-related utilization of neural circuit’s
hypothesis” (Reuter-Lorenz and Cappell, 2008). It suggests that
older adults engage more neural activity than younger adults to
meet task demands. The brain activity reduction after training in
the experimental group may be explained by this theory, since
after the training this group activated less brain regions in order
to perform the vWM task successfully. We could hypothesize that
after training the brain activity of older adults during the task
is more similar to a “younger brain,” potentially as a result of
neural plasticity. Thus, we assume that the decreased activation
after training in association with decreasing WM demands (i.e.,
in our study as a result of intensive WM training) reflects a higher
neuro-cognitive efficiency brought about by the vWM training.

Behavioral Changes and Direct Effects
As expected, the training-associated changes in neural activation
were accompanied by a significant enhancement in vWM
performance in the fMRI task. Thus, we observed a significant
improvement in the experimental group in terms of d’ values

for the vWM condition (i.e., 3-back condition) whereas there
was no such improvement in the low-level X-back condition
demanding merely attentional processes. Considering that the
training was an adaptive WM training this result is according
to expectation. Interestingly, mean reaction times in the 3-back
condition decreased in both groups, with the experimental group,
however, improving to a considerably larger extent. Taking into
account that motor response was practiced in both trainings, this
result is likewise in line with our expectations. The performance
improvement in the vWM condition from the fMRI task (i.e.,
3-back level) in the experimental group was backed up by a
significant training performance improvement of this group. This
means that the improvement manifested itself both in the n-back
task performed on the home-computer as well as in a different
environment (i.e., in the fMRI scanner) with a stable n-back level
- a clear indication of practice effects. Moreover, the experimental
group improved their HAWIE-R digit span forward (i.e., vWM)
performance compared to the control group thus demonstrating
direct effects on a similar vWM task. Hence, the training had the
expected effects on vWM performance. These results imply that
the training was an effective and adequate method to improve
WM-relevant processes (i.e., the encoding, maintenance, and
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retrieval of verbal stimulus material). The finding that there were
no significant improvements in the digit span backward test could
be due to the fact that this subtest is significantly more complex
than the forward version. Considering that the vWM training
did not possess this level of complexity the lacking significance
in the backward version is in line with recent results suggesting
that the effects of WM training tend to be restricted to the
cognitive demands provided by the training (Holmes et al., 2019;
Linares et al., 2019).

Findings from previous studies seem to largely corroborate
the effectiveness of WM trainings. Thus, Dahlin et al. (2008)
examined the effects of a 5-week computer-based training
demanding information updating in WM in a group of young
and older adults. They observed significant training gains in both
groups with the younger adults, however, recalling more four-
letter sequences compared to the older trainees. Another study
by Li et al. (2008) examined the effects of a 45-day non-adaptive
spatial n-back training both in younger and older adults. Both
groups improved in a spatial and a numerical 3-back task as
well as in additional WM tasks. Similar results were reported
by Buschkuehl et al. (2008). In a senior cohort they investigated
the effects of a WM training which consisted of three tasks:
one simple and two complex WM span tasks. As opposed to
Dahlin et al. (2008) and Li et al. (2008), they investigated an
active control group participating in light physical training. They
also reported significant improvements on the training tasks in
the experimental group compared to the active control group.
In a study by Brehmer et al. (2012) two groups of participants
(a younger and an older cohort) were investigated. Half of them
performed an adaptive training, the other half performed a low-
level task difficulty training (i.e., active condition). Their results
indicated that the adaptive training led to larger training gains
compared to the low-level practice, even in the older cohort. The
results by Brehmer et al. (2012) are moreover in line with another
recent study demonstrating an increase in WM performance in
older individuals as a consequence of an adaptive computerized
WM training (Tusch et al., 2016). Taken together, these findings
and the results from our study suggest that there is room for
cognitive improvement also at advanced age.

Limitations
This study has some limitations. First, the control group
performed a fixed n-back level during the 32 sessions not allowing
them to improve. The training was too easy for them and we see
a ceiling effect because most active control participants achieved
the highest possible scores in a short period of time. This means
that there is little or no variance between the participants – a
fact which complicated result interpretation. Second, we did not
control for lure items in the adaptive online n-back training.
Lure items in the n-back task are non-target items that match an
item earlier in the sequence but not at the current critical target
position (Oberauer, 2005). Participants could potentially have
responded to the item not because of the specific location but
because of familiarity, leading to this interference. This problem
is particularly pronounced among older adults suggesting that the
contribution of familiarity items to WM performance increases
with age (Schmiedek et al., 2009). Future studies should take these

limitations into account. Nevertheless, we think that this paper
helps us to understand how WM training can lead to an improved
neural efficiency in middle-aged adults.

CONCLUSION

The present vWM training study which was carefully designed
by taking into account methodologically relevant influencing
factors (i.e., active control group, performance adapted training
design, feedback during the training to motivate the participants,
and advanced-age participants with a limited age range) led
to significant activation decreases in WM-relevant regions
and considerable improvements in vWM performance. In
correspondence with the concept of “lifelong learning” present
results clearly indicate that neural plasticity and behavioral
improvement following vWM training is possible not only at
younger age, but also in middle-aged adults.
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