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The impact of working memory training on a broad set of transfer tasks was examined.
Each of three groups of participants trained one specific functional category of working
memory capacity: storage and processing, relational integration, and supervision. A battery
comprising tests to measure working memory, task shifting, inhibition, and reasoning was
administered before, immediately after, and 6 months after 4 weeks of computer-based
training. Training groups were compared to an active control group practicing perceptual
matching tasks. Data were analyzed with linear mixed-effects models that revealed dis-
tinct transfer profiles for the experimental groups: Storage-Processing training had an
effect on working memory and reasoning, and Supervision training improved task shifting
and reasoning. There was no such broad transfer of Relational Integration training. The
degree of improvement in the training tasks correlated positively with the magnitude of
transfer. Differential effects of training different functional categories of working memory
and executive functions could explain why previous studies yielded mixed results: Train-
ing specific processes leads to transfer on specific cognitive constructs only.
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Introduction

Distinct Transfer Effects of Training Different Facets of
Working Memory Capacity Working memory is a cognitive
system providing temporary access to representations
needed for complex cognition. The purpose of the present
work is to investigate whether working memory capacity
(WMC) can be improved by training. Our study builds on
a model of the factorial structure of working-memory
capacity, the facet model (Oberauer, SiiR, Schulze,
Wilhelm, & Wittmann, 2000; Oberauer, Siif3, Wilhelm, &
Wittmann, 2003; Sii3, Oberauer, Wittmann, Wilhelm, &
Schulze, 2002).

According to the facet model, WMC can be classified
into three functional categories: simultaneous storage
and processing, relational integration, and supervision.
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Storage and processing comprises the simultaneous main-
tenance and manipulation of information. Relational inte-
gration involves the coordination of information elements
into new structures. The third functional category, supervi-
sion, refers to the selective activation of relevant informa-
tion and inhibition of irrelevant information. In studies of
the facet model of working memory (Oberauer et al.,
2000, 2003), the concept of supervision has so far been
measured through the efficiency of task switching, which
is largely equivalent to the concept of shifting in Miyake
et al.’s model of executive functions (2000). Miyake et al.
(2000) distinguish shifting, inhibition, and working-
memory updating as three lower-level factors of executive
functions. Factor-analytic studies have shown that the con-
structs storage and processing and relational integration
are closely correlated, and both are more weakly related
to supervision (Buehner, Krumm, & Pick, 2005; Oberauer
et al.,, 2003). Therefore, here we regard WMC (constituted
by storage and processing and relational integration) and

Please cite this article in press as: von Bastian, C. C., & Oberauer, K. Distinct transfer effects of training different facets of working memory
capacity. Journal of Memory and Language (2013), http://dx.doi.org/10.1016/j.jm1.2013.02.002



http://dx.doi.org/10.1016/j.jml.2013.02.002
mailto:c.vonbastian@psychologie.uzh.ch
http://dx.doi.org/10.1016/j.jml.2013.02.002
http://www.sciencedirect.com/science/journal/0749596X
http://www.elsevier.com/locate/jml
http://dx.doi.org/10.1016/j.jml.2013.02.002

2 C.C. von Bastian, K. Oberauer/Journal of Memory and Language xxx (2013) xXx-xXxx

supervision (or shifting in the context of executive
functions) as two related but distinct high-level constructs.

WMC is assumed to be a largely stable trait, which pre-
dicts other cognitive abilities such as fluid intelligence and
reasoning (Conway, Kane, & Engle, 2003; Engle, Kane, &
Tuholsky, 1999; Kyllonen & Christal, 1990; Oberauer,
SR, Wilhelm, & Wittmann, 2008; SiiR et al., 2002). There
is also a considerable number of published studies linking
impairments of WMC to a wide range of neurological dis-
orders, such as attention-deficit hyperactivity disorder
(Martinussen, Hayden, Hogg-Johnson, & Tannock, 2005).
Likewise, there is evidence that individual differences in
supervision abilities (i.e., executive functions) are highly
stable, and impact everyday behavior (Friedman et al.,
2007; Mischel et al., 2011). Hence, it is an important ques-
tion whether WMC and supervision can be improved by
training, and whether this improvement affects related
cognitive abilities.

Previous research findings concerning training and
transfer effects of WMC are inconsistent if not contradic-
tory. Several recent studies indicate that adequate training
can lead to an increase in WMC test performance and also
to transfer to the performance in non-trained cognitive
tasks (for a review see Klingberg, 2010). For example,
Chein and Morrison (2010) examined the effectiveness of
storage and processing training, operationalized by a com-
plex span task. They found a generalization of the training
effect to reading comprehension and inhibition in a sub-
group of successfully trained participants. There is even
evidence that fluid intelligence can be increased by com-
puter-based training of WMC (for a review see Buschkuehl
& Jaeggi, 2010; see also Borella, Carretti, Riboldi, & De Beni,
2010; Jaeggi, Buschkuehl, Jonides, & Perrig, 2008; Jaeggi
et al., 2010; Karbach & Kray, 2009; Klingberg et al., 2005;
Schmiedek, Lévden, & Lindenberger, 2010). The work of
Colom et al. (2010) suggests that such increases in intelli-
gence are not only due to retest effects, since they found
that retest gains in WMC tasks were not related to in-
creases in intelligence test scores.

However, other studies do not reveal such convincing
training and transfer effects. For example, Holmes, Gather-
cole, and Dunning (2009) found no transfer of working-
memory training to fluid intelligence, although these
authors used the same training paradigm and a sample
comparable to Klingberg et al. (2005). Moreover, Owen
et al. (2010) recently showed that an online cognitive
training that led to large practice effects on the trained
tasks induced no measurable generalization to other cogni-
tive tasks. Contradictory results are also present in training
studies focusing explicitly on executive processes. On the
one hand, there are several studies supporting plasticity
of executive processes (Dahlin, Nyberg, Bickman, & Stigsd-
otter Neely, 2008; Karbach & Kray, 2009; Li et al., 2008). On
the other hand, one study found no transfer of inhibition
training for preschool children to cognitive control (Tho-
rell, Lindqvist, Bergman, Bohlin, & Klingberg, 2008).

There are multiple possible reasons for the inconsis-
tency in previous findings (cf. Conway & Getz, 2010;
Moody, 2009; Shipstead, Redick, & Engle, 2012). First, it
is problematic that many training regimens lack underly-
ing theoretical models. Hence, it often remains unclear

which cognitive processes, broadly defined as “inhibition”
or “working memory”, were actually trained.

Second, previous studies vary widely regarding general
training conditions such as intensity and number of train-
ing sessions. For example, in Owen et al.’s (2010) para-
digm, training sessions were very short (only 10 min a
day) and the number of completed sessions varied be-
tween participants from 2 to 188, whereas others who
found transfer effects controlled very carefully how much
training participants went through, showing increased
transfer with larger amounts of training (Jaeggi et al.,
2008). Moreover, it is important to control the quality of
training and the commitment of participants. A plausible
reason for the absence of transfer effects in the study by
Owen et al. (2010) is the uncontrolled and anonymous set-
ting of the training regimen. For instance, Smith et al.
(2009) showed that in a more controlled setting, with
face-to-face contact at pre and post training assessment,
self-administered training interventions at home resulted
in transfer effects.

Third, only few studies include an active control group
that completes an alternative intervention. Implementing
an active control group differentiates training and transfer
effects not only from repetition effects (as a passive or
waiting control group would do), but also from interven-
tion effects (e.g., effects of sticking to a regular training
schedule), and expectancy effects influencing cognitive
performance (Oken et al., 2008). For the latter purpose it
is important that the alternative training is perceived by
participants as a potentially effective cognitive training.
The importance of including an active rather than a passive
control group was recently demonstrated by Redick et al.’s
(in press) failure to replicate the findings of Jaeggi et al.
(2008, 2010) when evaluating transfer effects in compari-
son to an active control group.

With the present study, we wanted to answer the fol-
lowing questions: (1) can WMC (with its two aspects, stor-
age and processing, and relational integration) and
supervision be improved by extensive training, (2) do
training effects transfer to non-trained tasks measuring
the same construct, and (3) does transfer to related cogni-
tive abilities — such as inhibition and reasoning - occur?

In our study, we aimed to avoid the possible weak-
nesses occasionally observed in previous research. There-
fore, our study was designed to meet the following four
requirements. First, the choice of training tasks should be
based on a theoretical model. Our training was based on
the facet model of WMC (Oberauer et al., 2003), thus, we
chose training tasks which are assumed to measure a par-
ticular functional category in that model (i.e., storage and
processing, relational integration, and supervision). To dis-
tinguish training effects between the functional categories,
each of three groups trained only one function.

Second, transfer should be measured by a broad test
battery in order to reveal a fine-grained picture of transfer
effects (Li et al., 2008; Shipstead, Redick, & Engle, 2010). It
should consist of tests covering a broad range of transfer
distances. Our test battery comprised several tasks mea-
suring the same constructs as the trained tasks (i.e., the
WMC-constructs storage and processing and relational
integration, and the supervision construct of shifting),
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together with tasks measuring related constructs that were
not trained but are assumed to correlate with the trained
constructs (i.e., inhibition and reasoning). Additionally,
we included a face matching test which is assumed to de-
mand only a minimum of WMC and supervision, so we ex-
pected no effect of training on this measurement.

Third, the training should be extensive and include a
certain degree of variability to facilitate transfer effects
(Schmidt & Bjork, 1992). Additionally, difficulty of the
training tasks should be adapted stepwise to trainees’ per-
formance in order to induce plastic processes (Klingberg
et al.,, 2005; Lovden, Bickman, Lindenberger, Schaefer, &
Schmiedek, 2010). Participants of the present study com-
pleted 20 training sessions (each approximately 30-
40 min) in 4 weeks. Three tasks were used to train each
functional category, and the level of difficulty was adapted
to individual performance.

Fourth, training effectiveness should be evaluated by
comparing an experimental with an active control group.
Participants should be assigned randomly to experimental
and control groups to ensure internal validity (Shipstead
et al., 2010). Moreover, the general training conditions
should be as similar as possible for all included groups in
order to control for motivational and psychological effects
such as the Hawthorne effect, which refers to improve-
ments in performance simply due to increased attention
to the participants’ behavior (Green & Bavelier, 2008;
McCarney et al., 2007; Shipstead et al., 2010). Therefore,
we implemented a control training where participants
practiced visual discrimination with the same training con-
ditions as the experimental groups.

Method

Participants completed 4 weeks of extensive cognitive
training. They were randomly assigned to one of four
groups (matched by gender): Storage-Processing training,
Relational Integration training, Supervision training, or to
the Active Control group that completed a visual discrimi-
nation training. Assignment of participants was double
blind, so that neither the experimenter who had contact
with the participants, nor the participants themselves,
knew which group they were assigned to.

To measure transfer, cognitive abilities were assessed at
three times (before, immediately after, and 6 months after
training). We used an identical test battery at all three
times to facilitate between-groups baseline comparisons
which are essential for establishing the comparability
across groups and occasions.

Participants

Participants (92 women and 45 men, M,g = 23.53, age
range 18-36 years) were students at a Swiss university or
held a university degree. They were recruited for a “cogni-
tive training study” from the subject pool at the University
of Zurich and with flyers posted at the University’s campus.
Participants who completed the study received CHF 150
(about US$ 160) or course credits. Additionally, they had
the chance to earn a bonus up to a maximum of CHF 50

depending on the level of difficulty they achieved during
training. All participants gave written consent to partici-
pate in the study. Sixteen participants did not complete
the study due to several reasons: underestimation of effort
(5), medical condition (3), family issues (1), or technical
problems (1). Three participants withdrew consent with-
out comment. Another three participants were excluded
because they did not meet the requirements of the study
(two did not complete enough training sessions and one
did not complete the tests before the training). Hence,
statistical analysis included data of 121 remaining
participants (83 women, 38 men, M,g. = 23.34, age range
18-36 years). There were no significant between-group
differences in gender and age (see Table 1 for participant
demographics).

Design and materials

Training

Each group trained three tasks of one functional cate-
gory in the facet model. Each task was trained for about
10 min in each session. Task difficulty was adapted step-
wise to participants’ individual performance when they
reached a certain level of accuracy (see Procedure for de-
tails on the adaptive training algorithm).

Storage-processing. Complex span tasks with verbal,
numerical, and figural-spatial material were used. In these
tasks, memory items alternated with a secondary process-
ing task. In the verbal and numerical training tasks, each
trial started with a memory item that was displayed for
0.5 s. It was immediately followed by a decision task pre-
sented for 3 s or until the participant responded. Subse-
quently, the next stimulus to be memorized followed.
After a few memory-decision combinations, participants
had to recall the memoranda in correct serial order. Time
for recall was unlimited. The number of memory items
combined with decision tasks increased with the level of
difficulty, starting with two items. Training performance
was measured by the level of difficulty achieved in each
session.

In the verbal complex span task, participants had to
memorize words and decide whether trivial sentences pre-
sented in between were plausible (e.g., “Peter is eating piz-
za”) or not (e.g., “Peter is shaving pizza”). In the numerical
version, participants had to memorize numbers with one
or two digits, and judge equations displayed as correct
(e.g., “7+2=9") or not (e.g., “7+2=7"). In the figural-
spatial task, a 5x5 matrix was shown. A letter was pre-
sented in a random cell, and participants had to decide
whether it was displayed in a mirrored or in a normal
way. After a number of letters (depending on the level of
difficulty), participants had to recall the positions of the
letters presented by clicking on the correct positions in
the correct serial order.

Relational integration. The tasks designed for Relational
Integration training required the integration of elements
and of relations between them to determine the correct re-
sponse. Training performance was measured by the level of
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Table 1
Participant demographics.
Demographics Group p
Storage-processing Relational integration Supervision Active control
Sample size (n) 30 (30) 30(28) 31 (30) 30(30) n/a
Gender (f/m) 21/9 19/11 22/9 21/9 .92
Age (M +SD) 22.87+3.83 22.93+3.56 23.78 +3.57 23.77 +4.73 .69

Note. Numbers in parentheses indicate sample sizes at long-term assessment. The p-value indicates that groups did not differ significantly in terms of basic

demographics as determined by univariate analyses of variance.

Table 2
Task sets used for supervision training.
Task Set
1 2 3 4 5

Pictorial (clip- Fruit vs. vegetable/ Plane vs. car/one vs.
arts) big vs. small two objects displayed

picture

Town vs. river/

green vs. blue

Verbal (words)
large vs. small font

Figural (simple Round vs.
geometrical rectangular/blue vs. small
shapes) vs. green

Sports vs. music
instrument/blue vs. yellow

Soft vs. rigid material/ Abstract vs. concrete noun/ Team vs. individual
more vs. less than five
size letters

One vs. two colors/big  Colored vs. monochrome/
sharp vs. blurred

Fish vs. bird/canonical ~Tree vs. flower/
vs. rotated view monochrome vs. colored

Flying vs. running
sports/capitalized vs.  animal/displayed in
not italics vs. not

Dotted vs. striped/ Filled vs. outline/above
framed vs. not vs. below a line

difficulty achieved per session. In the first task, letter inte-
gration (Oberauer, 1993), letters were displayed one by
one in a row of place holders in random order. After letters
had appeared at each place holder position, participants
had to decide whether the letters formed a word in for-
ward order, in backward order, or not at all. To increase dif-
ficulty, the number of place holders (and with it, the
number of letters) increased, and the display duration of
each letter decreased.

In the second task, kinship integration, sentences con-
taining information about kinship relations between per-
sons were presented sequentially. The sentences in each
trial unambiguously described a fully connected network
of kinship relations. Participants had to mentally integrate
the information and decide how two of the persons men-
tioned were related to each other by clicking on the respec-
tive button on the screen (e.g., “Ann is Barney’s sister”,
“Barney is Carol’s father”, “Ann is Carol’s...?”, correct an-
swer would be “aunt”). The level of difficulty was varied
by increasing the number of sentences shown, by reducing
the display duration per sentence, and by randomizing the
order of the sentences presented (e.g., “Barney is Carol’s
father”, “Ann is Barney’s sister”). When the order of sen-
tences is randomized, two successive sentences cease to al-
ways have a shared name, thus forcing the participants to
hold the information separately in working memory until a
further sentence connected them. In the pattern integra-
tion task, a partially filled 8 x 8 matrix was shown. Some
filled cells contained a digit and an arrow, meaning that
the cell had to be shifted mentally in the direction of the
arrow for as many cells as indicated by the digit. Partici-
pants had to decide whether the resulting pattern was axi-
ally symmetrical or not. Difficulty was increased by

increasing the number of filled cells, and the number of
cells to be shifted.

Supervision. Participants of this group completed a task
switching training similar to the one used by Karbach
and Kray (2009). For each of the three versions of the task
switching training tasks, bivalent stimuli were presented
which had to be categorized according to given rules in
alternating runs of two. The relevant categorization rule
and the stimuli were shown simultaneously. Participants
had to answer as correct and as fast as possible. Stimuli
were presented until participants responded or the display
duration exceeded the maximum display duration defined
by the level of difficulty. To increase task difficulty while
maintaining the structure of the classical task switching
paradigm, the display duration and, consequently, time
to respond to the stimulus was slightly reduced. This
adjustment was only small (set to the 99th percentile of
the individual reaction times in the trials completed since
the last maximum duration adjustment) to prevent partic-
ipants concentrating on speed only instead of focusing on
both speed and accuracy as it was originally intended.
However, this adjustment of task difficulty does not intro-
duce novel stimuli as it is the case for the two other exper-
imental trainings. In order to enhance variability in this
task and, thus, keep participants motivated, sets of stimuli
were replaced by new sets and these stimuli had to be cat-
egorized according to new categorization rules every four
sessions. Maximum display duration was reset every time
a new set of stimuli and categorization rules was
introduced.

The three versions of the task switching training tasks
differed from each other in terms of material and
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categorization rules (see Table 2 for an overview of stim-
ulus material and corresponding rules that had to be ap-
plied). To measure training progress, we calculated the
proportional switch costs per training session by sub-
tracting reaction times (RTs) in task switch trials from
RTs for task repetition trials, and dividing the difference
by the average RT (including both switch and repetition
trials) per individual.

Active control. The Active Control group had to complete
three visual matching tasks. Two stimuli were presented
simultaneously and participants had to decide whether
they showed identical persons (face matching), identical
six-digit numbers (digit matching), or identical fractal pat-
terns (pattern matching). The face matching task com-
prised photographs of 84 persons (half of them female).
For each person, there were six different photographs
showing the persons with different accessories (e.g., sun
glasses or a scarf), and each photograph was taken at two
different dates, resulting in a total of 1008 images. Hence,
the pictures presented could show identical persons on the
same, but also on different pictures. The photographs of
faces used were part of the AR face database (Martinez &
Benavente, 1998). Participants were instructed to respond
as fast and as correctly as possible. The difficulty level was
increased by reducing the timer duration to the 99th per-
centile of the individual reaction time (cf. Supervision
training). Training performance was measured by the aver-
age RT per training session.

Pre and post assessment

We administered 14 computer-based tests and a pa-
per-and-pencil intelligence test for evaluating transfer
to tasks measuring the same construct as the training
tasks (i.e., the WMC constructs storage and processing
and relational integration, as well as supervision) and
to tasks measuring related but different constructs (i.e.,
inhibition and reasoning). Additionally, the test battery
comprised a control test to which no transfer was ex-
pected. To be able to test whether the three-factor struc-
ture of storage-and-processing, relational integration, and
supervision can be reproduced in the present sample,
each functional category was represented by three tasks
in the test battery that were constructed according to
Oberauer et al. (2003) and comprised numerical, verbal,
and figural stimulus material, respectively. Storage and
processing was measured by Brown-Peterson tasks and
relational integration by monitoring tasks. Because these
two constructs were highly correlated (Oberauer et al.,
2003), they are regarded as two aspects of WMC as a
higher-level construct. Therefore, the Brown-Peterson
and the monitoring tasks were also used to measure
WMC as the overarching construct. Supervision/shifting
was operationalized by the tasks that were used to mea-
sure task switching. All analyses, except for the struc-
tural equation models, were based on composite scores
of the Brown-Peterson, monitoring, and task switching
tasks by averaging the scores from the numerical, the
verbal, and the figural task.

All tests of the battery differed from the tasks trained
and started with an automated instruction and a

number of practice trials (see task descriptions for
details).

Working memory. Brown-Peterson task. We designed dual
tasks by combining a simple span with a distracting deci-
sion task, similar to the classical Brown-Peterson para-
digm (Brown, 1958). Each trial started with the
presentation of the memory list. Items to be memorized
were presented simultaneously for a limited time. Next,
participants completed several trials of the distracting task,
in which they were asked to decide which one of four alter-
natives matched a stimulus presented centrally on the
screen according to a certain rule. They had to respond as
fast and as correctly as possible. The alternatives were pre-
sented simultaneously in the four corners of the screen. To
hold the retention interval constant, we fixed the duration
of the decision task to 5 s regardless of the number of trials
completed. Afterwards, participants had to recall the items
which they memorized before in correct order. Table 3
shows the material used for the three tasks. After three
practice trials, we presented three trials per set size (i.e.,
number of stimuli to be recalled) with set size ranging
from 2 to 8 in three pseudo-randomized blocks. The per-
centage of correctly recalled items per trial served as score
(partial credit unit scoring, for details see Conway et al.,
2005).

Memory updating. As a further test of storage in the con-
text of processing, we used a memory updating paradigm
(see also Oberauer, 2006). At the beginning of each trial,
participants had to memorize simultaneously presented
digits (set size ranged from 1 to 3) which were shown in
different colors (blue, orange and purple). Subsequently
presented arithmetic operations (additions or subtrac-
tions) had to be applied to one of the memorized digit,
identified by the operation’s color. The results had to be
entered on the keyboard. All digits (memoranda, sum-
mands or subtrahends, and the results) were integers be-
tween 1 and 9. The task started with a practice block
comprising three trials, followed by 24 trials, each consist-
ing of 20 arithmetic operations. Trials were presented in
three blocks, each containing an equal number of trials of
each level of n. The level of n was pseudo-randomized
within blocks and within trials. As scores we calculated
the proportion of correct responses to the arithmetic
operations.

Monitoring. To measure relational integration, we used the
monitoring tasks developed by Oberauer et al. (2003). Par-
ticipants had to watch independently changing objects on
the screen and press the space key whenever a critical rela-
tion between the stimuli occurred (e.g., whenever three
rhyming words appeared in a row, column, or diagonal of
a matrix; see Table 4 for the three versions with differing
content). Each task consisted of 16 runs, each of which
comprised 2-8 changes until the critical relation occurred.
Performance was measured by the discrimination parame-
ter d’ of signal-detection theory, which takes hits and false
alarms into account:

d = z(FA) — z(H),
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Table 3
Task properties for the three versions of the Brown-peterson task used in
the transfer test battery.

Task properties Content

Numerical Verbal Figural
Type of stimuli Two-digit Words Cells of 3 x 3
numbers partially filled
matrices
Set size range 2-8 2-8 3-5

Display duration Depending on Depending on Independent of

set size: 1's set size: 1's set size: always
per stimulus  per stimulus 4s

to be to be

memorized memorized

(e.g., 4 s if four (e.g., 4 s if four
numbers were words were
presented) presented)
Decision task Which Which word is Which pattern
number has to an exemplar of is the negative

be added to  the category image of the
the central presented centrally
number to get centrally? presented

a result pattern?
divisible by

five?

Table 4
Task properties for the three versions of the monitoring task used in the
transfer test battery.

Task properties Content
Numerical Verbal Figural
Objects Three-digit Words in a Dots in
numbers in a 3 x 3 matrix a
3 x 3 matrix 10 x 10
matrix
Critical condition Three numbers  Three words in  Four
in a row, in a arow, in a dots
column, or column, or form a
along a diagonal along a square
have identical diagonal are
last digit rhyming

Table 5
Task properties for the three versions of the task switching tasks used in the
transfer test battery.

Task Content

Numerical ~ Verbal Figural
1 Odd/even Animal/  Symmetrical/asymmetrical
plant pattern
2 Smaller/ One/ One/two parts (i.e., all filled cells

larger than  two were connected edge by a
500 syllables common edge or not)

where H is the hit rate, FA the false alarm rate and z refers
to the z value corresponding to the probability given as
argument.

Binding. One of us has argued that the ability to establish
and maintain temporary bindings underlies the common
variance of two closely correlated WMC functional catego-
ries, storage and processing and relational integration
(Oberauer, Siif3, Wilhelm, & Sander, 2007). To directly mea-
sure the robustness of bindings, we used the local recogni-
tion task as described by Oberauer (2005), which enables
separate assessment of recognition of items and recogni-
tion of bindings. On each trial, short lists of words were
presented sequentially in one of several rectangular frames
in a row. The number of frames corresponded to set size
(2-5 words). Participants then had to decide whether a
probe word presented in one of the frames matched the
word that had been originally presented in the same frame.
Probes not matching the original word in the same frame
could be of two kinds: New probes were words not pre-
sented anywhere in the list. Intrusion probes were words
originally presented in a different frame. Whereas correct
rejection of new items requires only item recognition, cor-
rect rejection of intrusion probes requires intact memory
of word-location bindings. After eight practice trials, par-
ticipants had to complete two blocks of eight trials per
set size, resulting in a total of 64 trials. Across all trials,
there were 50% positive, and 50% negative probes. Of the
negative probes 50% were new probes, and 50% were intru-
sion probes. The positive probes were distributed equally
(£1) across the serial positions, defined by the temporal or-
der of presentation. Participants were not alerted to the
possible appearance of intrusion probes. Scores were de-
rived by calculating d’ from hits and false alarms to intru-
sion probes. By taking only false alarms to intrusion probes
into account, this d’ score is a pure measure of binding
memory.

Shifting. The task switching paradigm (for an overview see
Monsell, 2003) was used to operationalize shifting/super-
vision. Participants had to categorize bivalent stimuli as
quickly as possible without errors by pressing the keys
“A” and “L” on the keyboard. The classification rule (task)
switched in alternating runs of two. After eight practice tri-
als, participants completed 64 trials in a pseudo-random-
ized order. Table 5 depicts the classification rules of the
alternating task sets in the three versions with differing
content (numerical, verbal, and figural stimulus material,
respectively). Proportional switch costs served as outcome
measurement.

Inhibition. The ability to inhibit irrelevant, potentially dis-
tracting information is a central component of the concept
of executive functions. According to the work of Friedman
and Miyake (2004), prepotent response inhibition and resis-
tance to distractor interference are positively correlated to
performance in task switching. To test transfer from train-
ing of one executive function (i.e., task switching) to other
executive functions, we therefore included two tasks in the
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test battery assumed to measure these two aspects of cog-
nitive inhibition.

Stroop task. Prepotent response inhibition was measured
by a Number-Stroop (cf. Salthouse & Meinz, 1995). In this
adaptation of the classical Stroop paradigm (Stroop,
1935), two, three, or four identical characters were pre-
sented, and participants had to decide as quickly as possi-
ble and without errors how many stimuli were displayed.
Stroop interference was varied by showing one third con-
gruent (e.g., “22”, “4444”), one third neutral (e.g., “H”,
“AAA”), and one third incongruent (e.g., “3”, “2222") trials
in a pseudo-randomized order. After 24 practice trials, par-
ticipants completed four experimental blocks consisting of
36 trials each. Stimuli were displayed until the partici-
pant’s response, and the response-stimulus interval was
500 ms. Proportional Stroop interference was calculated
by subtracting RT in incongruent from neutral trials, and
dividing by average RT per individual.

Flanker task. Resistance to distractor interference was
measured by the Flanker task (Eriksen & Eriksen, 1974).
Participants had do categorize centrally presented letters
(“A”, “E”, “S”, or “T”) as vowels or consonants. They were
instructed to answer as fast and as accurately as possible.
Distractor interference was induced by three letters flank-
ing the target at each side. Half of the stimuli were congru-
ent, 25% being congruent-identical (e.g., “AAAAAAA™), and
25% being congruent-nonidentical (e.g., “EEEAEEE”). The
other half of the stimuli was incongruent (e.g., “SSSASSS™).
After eight practice trials, participants completed four
blocks, each consisting of 64 trials. Stimuli were presented
for 2000 ms or until the participant responded. The re-
sponse-stimulus interval was 200 ms. Flanker interference
was measured in the same way as Stroop interference (i.e.,
RT for incongruent minus congruent trials, divided by aver-
age RT per individual).

Reasoning.
Syllogisms.

Syllogistic reasoning tasks were utilized to measure
deductive reasoning. Syllogisms comprise two related
statements (e.g., “All traditional books have pages; all
pages are made of paper”) which are termed premises.
There are four different types of premises (“all A are B”,
“no A are B”, “some A are B”, “some A are not B”), and
the combination of two premises results in four different
arrangements (figures). Participants have to decide, which
conclusion (if any) can be drawn from the premises (e.g.,
“All traditional books are made of paper”). For each of
the four possible figures, we presented eight valid syllo-
gisms. The total of 32 syllogisms was displayed until par-
ticipants chose one of five conclusions (i.e., conclusions
in the form “all A are C”, “no A are C”, “some A are C”,
“some A are not C”, or “there is no valid conclusion”), only
one of them being correct. The proportion of correctly
solved syllogisms served as score.

Intelligence test. We used the short form of the Berlin
Intelligence Structure test (BIS-4S, Jager, Sii%, & Beauducel,
1997). The BIS model structures intelligence hierarchically.
On the most general level is g, and at the second level are
ability components which belong to the operational or
content facet. The operational facet (type of cognitive func-
tion demanded by a task) comprises reasoning, creativity,
memory, and speed. The content facets include verbal,
numerical, and spatial-figural abilities. On the third level,
the cross-classification of these operational and content-
related components of intelligence results in 12 cells. The
BIS-4S test covers each cell with one task, and the cells re-
lated to reasoning with two tasks, resulting in 15 tasks.
Additionally, a warm-up task which is excluded from scor-
ing is given at the beginning of the test. The BIS4-S test
contains the following tasks (cf. Jager et al., 1997, p. 68f;
covered cells are given in parentheses):

(1) Word completion (warm-up): Missing letters in a
given list of words have to be completed.

(2) Locations (figural memory): Immediately after
memorizing locations of marked buildings on a (fic-
titious) map, the locations have to be recalled by
marking the positions on a plain map.

(3) Digit series (numerical reasoning): Series of num-
bers that are governed by certain rules have to be
completed by figuring out these rules.

(4) Abilities and traits (verbal creativity): As many abil-
ities and traits as possible that are advantageously in
a given profession have to be written down.

(5) Figural analogies (figural reasoning): The first of
three figures relates to the second one the same
way as the third figure to one of five possible
alternatives.

(6) X-Greater (numerical speed): In a series of numbers,
those numbers have to be crossed out that are a cer-
tain amount greater than the number one position
before.

(7) Word analogies (verbal reasoning): The first of three
words relates to the second one the same way as the
third word to one of five possible alternatives.

(8) Layout (figural creativity): As many graphical sym-
bols that represent a given (fictitious) shop label as
possible have to be drawn.

(9) Digit pairs (numerical memory): Immediately after
memorizing pairs of digits, the first digit is given
and the second has to be chosen from four
alternatives.

(10) Fact/opinion (verbal reasoning): Statements have to
be identified as either facts or opinions.

(11) Letter series (figural speed): In a series of letters a
certain letter has to be crossed out.

(12) Estimation (numerical reasoning): Results of com-
plex equations have to be estimated and chosen
from five alternatives.

(13) Text memorization (verbal memory): Immediately
after memorizing details of a text, open questions
referring to the text have to be answered.

(14) Divergent calculations (numerical creativity): As
many different combinations of digits as possible
that sum up to a given number have to be produced.
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(15) Figure series (figural reasoning): Series of figures
that are governed by certain rules have to be com-
pleted by figuring out these rules.

(16) Part-whole (verbal speed): In a given list of words,
those words have to be marked that are a part of
the word at the previous list position (e.g., rose
and petal).

According to the test manual (Jdger et al., 1997), values
of the two scales general intelligence (including all 15 tasks)
and reasoning (including the six tasks digit and figure ser-
ies, figural and word analogies, fact/opinion, and estima-
tion) can be interpreted. The reasoning scale was used for
all analyses. Reasoning corresponds to reasoning factors
in other models and matches Carroll's (1993) fluid
intelligence.

Control test. We included a face matching test in the test
battery because of two reasons. First, it served as a control
test, because one would not expect any transfer of WMC or
Supervision training to performance in this task. Second,
the test being part of pre and post assessment was neces-
sary so that participants in the control group, like those in
the other groups, experienced a test similar to their train-
ing tasks; without such a test, they could have guessed that
they were assigned to the control group. Monochrome
photographs of male and female faces were taken from
the AR face database (Martinez & Benavente, 1998). Two
face images were presented simultaneously, and partici-
pants had to decide whether they showed the same or dif-
ferent persons. The test comprised two different
photographs of each person (one with a cheerful, and one
with a neutral face expression). Therefore, as in the train-
ing, two different images could show the identical person.
Four practice trials were followed by 64 test trials, half of
them showing females. Each trial was displayed until the
participant’s response. We used the proportion of correct
responses as score.

Procedure

Training

All participants had to complete 20 sessions of exten-
sive training (approximately 30-40 min per session).
Training was self-administered at home via the software
Tatool (von Bastian, Locher, & Ruflin, 2013), a Java based
open-source training and testing tool developed in the
context of the present study. Tatool was downloaded via
Java WebStart, which allows an easy and user-friendly
installation of the training software on the local computer
(for a more detailed discussion of the advantages of Java
WebStart applications in training studies, see Schmiedek,
Bauer, Lovden, Brose, & Lindenberger, 2010). The self-
administration of the training sessions at home has several
benefits. First, it saves financial and time resources that
would be needed for conducting 20 training sessions in
the laboratory. Second, it facilitates the participation for
persons who would not be able to come in regularly during
the training phase. Participants can choose themselves
which time suits them best for their training session and
conduct the sessions independently. Third, the more realis-

tic setting in the home environment increases the ecologi-
cal validity of the training regimen.

However, one disadvantage of a self-administered
intervention is the potential loss of experimental control.
Therefore, we took several measures to enhance the exper-
imental control as much as possible. First, to maximize
commitment, participants had to sign a participation
agreement at the beginning of the study stating that they
would take the completion of the training sessions seri-
ously. Second, participants were alerted that their training
data would be constantly monitored. After each training
session, participants had to upload their data to a webserv-
er, permitting a constant control of participants’ compli-
ance. Session duration and percentage correct were
constantly and automatically analyzed online in order to
detect any obvious irregularities. Third, we tried to stay
in regular contact with the participants. In case a partici-
pant did not upload any data for more than two days, we
sent an e-mail reminding them to continue training. After
2 weeks of training, each participant received an e-mail
asking how the training went so far. Additionally, partici-
pants always had the opportunity to ask for support in case
of technical difficulties.

Adaptive training algorithm

A main feature of Tatool is the adaptive training algo-
rithm which adjusts task difficulty to participants’ perfor-
mance (proportion of correctly solved trials). Fig. 1
illustrates the procedure of the algorithm. After setting
an individual benchmark based on initial performance,
the algorithm raises the difficulty if and only if this bench-
mark is outperformed. In the first 40% of the trials in each
session, the algorithm calculates the proportion of correct
answers and sets this value as individual benchmark. Task
difficulty is increased if the performance is above the
benchmark after another 40% of the trials; otherwise it re-
mains on the same level. Performance continues to be
checked at intervals corresponding to 40% of a session’s tri-
als (counted continuously across sessions). If the individual

> START

J |740% trials

SET BENCHMARK
(= individual accuracy) <
min. 75 %, max. 95 %

J |740% trials

CHECK PERFORMANCE
performance > benchmark?

after three retries

40 % trials

YES NO
LEVEL UP g d RETRY
increase level of difficulty max. three retries

Fig. 1. Procedure of the adaptive training algorithm (see text for a
detailed description).
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Table 6
Pearson correlation matrix among transfer tasks at pretest assessment.
Measure 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
1. Brown-Peterson, -
n
2. Brown-Peterson, .69 -
v
3.Brown-Peterson, .34 45" -
f
4. Memory 417 437 527 -
updating
5. Monitoring, n .07 14 13 26" -
6. Monitoring, v 18" 29" 207 24" 257 -
7. Monitoring, f 12 .03 .03 15 19° 24" -
8. Binding 447 477 337 467 a8 317 07 -
9. Task switching,n .04 .16 20 24" 05 11 12 277 -
10. Task switching, —.02 01 08 217 a7 08 04 .09 567 -
v
11. Task switching, .02 .03 .10 13 -.01 22" -.03 17 42" 297 -
f
12. Stroop task -16  —-.15 -07 -23" -10 -09 -21" -25" —19° —00 —-.14 -
13. Flanker task .15 .05 .02 .09 —.00 .08 13 .08 -.05 -.03 .03 -09 -
14. Syllogisms 17 317 21 42" 13 .10 -.05 38" .14 .14 .16 -05 -.02 -
15. BIS-4S test 36" 407 327 417 34" 32" 13 49™ 27 26" 257 —11 12 48" -

Note. n = numerical, v = verbal, f = figural.
" p<.05.
" p<.01.

benchmark is not outperformed for three checks in a row, a
new individual benchmark is set. In order to avoid too low
or too high individual benchmarks, we set a minimum
(75%) and a maximum benchmark (95%).

Pre and post assessment

Participants were tested in groups of no more than five.
In order to exclude effects of fatigue, half of the partici-
pants completed the transfer tests in reversed order than
the other half. For the computerized tests, we used Dell
Optiplex GX620 PCs with Windows XP. Tasks were written
in Matlab, using the Psychophysics Toolbox extension
(Brainard, 1997; Pelli, 1997). Stimuli were presented on a
17 inch TFT monitor. Manual responses were registered
by a standard computer keyboard.

Results
Treatment of missing data

Due to technical difficulties at pre- and posttest assess-
ment, we lost data of three participants on their perfor-
mance in three tasks. Data loss concerned figural task
switching and the Flanker task at the pretest, and memory
updating at the posttest. For the analyses of variances
including these tasks, we excluded the three participants.
To maximize power for the structural equation and the
mixed-effects model, we maintained these participants
and imputed their missing values by using multiple linear
regression.

Regarding training data, there were missing values for
the Storage-Processing and the Active Control group. For
the Storage-Processing training data, the last session of
four participants was missing. Whereas one participant
missed the last session due to scheduling problems, we

allowed three other participants to skip the last session,
because they had already achieved very high levels (be-
tween level 9 and 12). Due to the nature of complex span
tasks, higher levels translate into longer session durations
(i.e., trials with a larger number of memory items take
longer to complete). Hence, session duration was very long
(>45 min) for these participants. To avoid this problem for
the remaining participants, we reduced the number of tri-
als by running an update of the training software when the
average level in the three training tasks was higher than 6.
The update concerned 21 participants of the Storage-Pro-
cessing group. Due to technical difficulties, we lost data
of the first session of one participant of the Active Control
group (only for two of the three tasks). Data of one session
of another participant of the Active Control group (session
16) was completely excluded from analysis, because no re-
sponses were recorded. Missing values in the training data
were excluded list wise.

Treatment of RT data

Only RTs of correct responses were analyzed. RTs of re-
sponses immediately after wrong responses, and RT outli-
ers were excluded from the analysis. Outliers were defined
as RTs exceeding a participant’s mean by more than 3 SD
(for the memory updating data, this criterion was com-
puted within each level of n). Table Al in the Appendix
shows the percentage of overall eliminated RTs in each
task.

Treatment of correlational data

The random allocation of participants to the two differ-
ent orders of test administration can produce additional
individual differences in the data set, leading to an
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undesirable source of variance. Therefore, we ran a MANO-
VA with the order of test administration as between-sub-
jects factor and pretest performance in the transfer tasks
as dependent variable. The effect of order was significant,
F(15,103) = 5.25, p < .001, n% = .43. To remove this vari-
ance from the correlational data, we arbitrarily chose one
order (order 1) as the reference condition and corrected
the data of the other order (order 2) for the main effect
of order (cf. Wilhelm & Oberauer, 2006). Specifically, we
calculated for each variable the mean difference between
the two orders at pretest. This difference (i.e., order 2-or-
der 1) was subtracted from the corresponding variable in
order 2, such that the mean difference between the two or-
ders was eliminated. The difference calculated from the
pretest data was also subtracted from the posttest data of
participants with order 2. The residual correlations be-
tween all transfer tasks are listed in Table 6.

Evaluation of the facet measurement model

Our training paradigm was theoretically based on the
facet model of WMC as proposed by Oberauer et al.
(2003). Therefore, we first examined whether the three-
factor structure could be replicated in the present pretest
data set. As shown in Fig. 2, the model assumes three latent
factors (i.e., functional categories of WMC), each repre-
sented by three observed variables of different content do-
mains (figural, numerical and verbal). The model had an
excellent fit, »%(24)=25.92, CFI=.99, RMSEA=.03 and
SRMR =.05. All of the factor loadings were significant, but
none of the covariances between the factors reached sig-
nificance (ps ranging from .08 to .22).

Training effects on trained tasks

We analyzed training effects for each group and training
task by analyses of variance (ANOVAs) for repeated mea-
sures using the training performance as dependent variable
and training session as independent variable. None of the
individual data showed signs of low engagement (e.g., par-
ticipants responding repeatedly with the same key or irreg-
ular reaction times). As illustrated in Fig. 3A-C, all groups

Storage-
Processing

.39

Brown-Peterson f

Brown-Peterson n

Brown-Peterson v

Monitoring f

Task Switching f

34 Relational
.37 Integration
44
Task Switching n o1 Supervision
Task Switching v -

Fig. 2. Model 1 (facet model for the tasks representing the functional
categories storage and processing, relational integration, and supervision)
based on the pretest data. F = figural; n = numerical; v = verbal.

showed large training effects for each training task, indi-
cated by significant linear trends of the variable session
(all ps <.01, see Table 7). The correlations of performance
in the training tasks were positive for all three training tasks
in all groups (see Table A2 in the Appendix). However, the
training graphs for the Relational Integration group
(Fig. 3B) indicate different shapes of the learning curves for
the three tasks, the curves for letter and pattern integration
being steeper than the one for kinship integration. To test
this supposition, we analyzed the interaction of task (3) with
the linear contrast of session (20). Whereas these interac-
tions were significant neither for Storage-Processing train-
ing (F(1,25) =1.32, p = .564, 1712J =.01) nor for
Supervision training (F(1,30) = 1.44, p = .240,#* = .05), there
was a large interaction effect for Relational Integration
training, F(1,29) =25.86, p <.001, n% = .47. Post-hoc
comparisons confirmed that there was no significant effect
when comparing the letter to the pattern task (F< 1), but
when contrasting the kinship to the Iletter
(F(1,30) = 25.86, p <.001, 12 = .47), as well as the kin-
ship to the pattern task (F(1,30)=24.46, p < .001,
02 = .46).

The five peaks in Fig. 3C (Supervision training) coincide
with the introduction of new task sets and materials after
every fourth training session. To analyze whether there is a
transfer of training gain achieved within each four-session
sequence to the subsequent set of task and materials, we
ran a 5 (task set) x 4 (session) ANOVA. The interaction be-
tween task set and session was significant for the pictorial
training task (Greenhouse-Geisser adjusted F(5.32,
159.57) =2.22, p=.026, 13 = .07), the figural training
task (Greenhouse-Geisser adjusted F(6.00,179.88) =
2.08, p=.029, ’7% =.07), but not for the verbal training
task (Greenhouse-Geisser adjusted F(5.92,177.58) =
1.09, p =185, 12 = .04).

Transfer effects

To exclude pretest between-groups differences being
responsible for posttest effects, we conducted two-tailed
t-tests for each transfer task in the pretest. There were
no significant baseline differences for any measurement
or between any of the training groups. However, the Stor-
age-Processing group showed a marginally lower Stroop
interference than the Active Control group (t(58)=2.58,
p =.060). Table 8 lists the descriptive statistics for all trans-
fer measurements for each time of assessment.

Structural evaluation of the transfer tasks

Effects of training on the transfer tasks were analyzed
separately for each experimental group (i.e., Storage-Pro-
cessing, Relational Integration, and Supervision training)
tested against the Active Control group. To avoid task-spe-
cific characteristics being responsible for the detection of
transfer, changes in performance were analyzed on the le-
vel of theoretical constructs measured by the respective
tasks. To confirm the theoretical structure of the transfer
tasks used in our test battery, we developed a measure-
ment model comprising the pretest data of all transfer
tasks for which we expected transfer effects. We postu-
lated the following latent factors according to the
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Fig. 3. Change in performance in the trained tasks shown for each group separately: (A) Storage-Processing, (B) Relational Integration, (C) Supervision, and
(D) Active Control training. Error bars represent confidence intervals (95%) for within-subjects comparisons, calculated according to Cousineau (2005) and

Morey (2008).

constructs measured by the test battery: WMC (predicted
by the Brown-Peterson task, memory updating, monitor-
ing, and binding), shifting (predicted by numerical, verbal,
and figural task switching), inhibition (predicted by the
Flanker and the Stroop task), and reasoning (predicted by
syllogisms and the reasoning scale of the BIS4-S test). We
used the decomposed scores of the numerical, verbal, and
figural task switching instead of the composite scores to
have a sufficient number of indicators for this factor. The
measurement model showed an acceptable fit with
%%(38) = 44.52, CFl = .98, RMSEA = .04 and SRMR =.05. All

factor loadings were significant except for the Stroop task’s
and the Flanker task’s loadings on the inhibition factor.
Also, all covariances between the factors were significant,
except for the covariances between the inhibition factor
and the remaining factors. Surprisingly, the Flanker task
loaded positively on the inhibition factor (.13), and the
Stroop task loaded negatively (—.63) on the inhibition fac-
tor. Moreover, the correlation between the two tasks was
very low and negative (r=—.09). This unexpectedly low
relationship between the two tasks could be due to a lack
of reliability in one or both of them. Therefore, we split the
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Linear contrasts of training effects on performance in the trained tasks.

Group

Task

M

SD

F

p 5

Storage-processing Numerical 6.57 2.40 70.31 <.001 74
Verbal 6.34 2.04 83.69 <.001 77

Figural-spatial 7.77 1.56 226.50 <.001 .90

Supervision Pictorial 0.07 (15.71) 0.07 (5.11) 9.46 .003 24
Verbal 0.07 (15.03) 0.05 (4.91) 11.41 .001 27

Figural 0.08 (15.74) 0.07 (5.62) 8.42 .003 22

Relational integration Letter 15.40 2.80 632.14 <.001 .96
Kinship 11.54 2.87 420.54 <.001 .94

Pattern 15.53 3.63 354.14 <.001 .92

Active control Face 573.27 (13.59) 65.19 (4.26) 83.04 <.001 .75
Digit 556.05 (13.93) 75.02 (4.26) 52.15 <.001 .66

Pattern 437.23 (17.93) 50.55 (4.52) 41.95 <.001 .61

Note. Bold p-values indicate significant linear contrasts of training session on performance. Means and standard deviations are given for the last training
session. Only participants with complete training data sets were included in the analyses. For Storage-Processing and Relational Integration training, the
dependent variable was level of difficulty achieved in each session; for Supervision training it was the proportional switch cost, and for Active Control
training it was mean RT. The table includes the means and the standard deviations of the differences in these performance measures between the last and
the first training session. Dfs for the F-statistics are the following: Storage-Processing training 1, 25; Supervision training 1, 30; Relational Integration

training 1, 29; Active Control face matching 1, 29; Active Control digit matching 1, 27; Active Control pattern matching 1, 28.

Table 8

Mean performance for the transfer tasks as a function of training group and time of assessment.

Task Storage-processing Relational integration Supervision Active control
T1 T2 T3 T1 T2 T3 T1 T2 T3 T1 T2 T3

Brown- .55(.08) .62 (.08) .62(.08) .54(.09) .62(.07) .61(.08) .56(.09) .61(.08) .62(.07) .53(.09) .60(.10) .60 (.09)

Peterson
Memory .76 (13) .85(.09) .83(.09) .76(.10) .79(.13) .82(.11) .75(.13) .80(.13) .82(.11) .72(.14) .80(.13) .81(.15)
updating

Monitoring 2.52 2.88 2.83 2.55 2.71 2.86 2.61 2.76 2.88 2.46 2.65 2.80
(0.38) (0.34) (0.33) (0.34) (0.35) (0.34) (0.45) (0.40) (0.43) (0.38) (0.40) (0.38)

Binding 1.90 2.45 2.28 2.02 2.64 2.50 213 2.42 2.55 1.96 1.94 217
(0.46) (0.78) (0.66) (1.96) (0.95) (0.92) (1.96) (0.92) (0.78) (0.73) (0.93) (0.82)

Task 28 (.113) .30(.12) .29(.13) .34(.12) .34(11) .32(12) .30(.14) .21(.11) .24(.09) .27(.13) .31(.15) .33(.11)

switching

Stroop task .029 .037 .035 .103 .072 .062 .058 .071 .082 116 .070 .077
(.146) (.109) (.146) (.201) (.165) (.168) (.162) (.1173) (.164) (.199) (.180) (.147)

Flanker task .011 .014 .020 .014 .012 .013 .021 .021 .018 .018 .012 .013
(.032) (.027) (.025) (.028) (.034) (.034) (.021) (.017) (.018) (.027) (.022) (.023)

Syllogisms .60 (.11) .62 (.13) .66(.11) .62(.12) .66(.16) .65(.15) .58 (.11) .65(.13) .64(.16) .59(.13) .62(.14) .62(.17)

BIS4-S test  610.47 646.07 654.20 619.43 647.93 655.18 626.55 657.42 662.17 610.63 636.63 647.00
(38.40) (32.78) (33.52) (39.19) (37.12) (36.09) (39.58) (41.84) (37.55) (38.46) (37.12) (36.16)

Face matching

Accuracy .96 (.06) .97 (.04) .97 (.03) .96(.04) .96 (.04) .96(.05) .94(.08) .94(.11) .94(.08) .95(.08) .97 (.02) .97(.04)
Speed 2087 1479 1417 2135 1483 1511 2012 1444 1372 2080 820 (193) 935 (406)

(1022) (443) (307) (662) (324) (416) (536) (445) (355) (937)

Note. Standard deviations are given in parentheses. All values are given in proportions, except for monitoring and binding (d’), face matching speed (RTs),
and fluid intelligence (test scores). Values for task switching, Stroop and Flanker task are given in proportional costs (i.e., difference measures standardized

by average RTs). T1 = pretest, T2 = posttest, T3 = follow-up.

trials of each task into odd and even halves and calculated
separate indices of Stroop and Flanker interference. We
then calculated reliability using the Spearman-Brown
prophecy formula. Whereas the reliability of the Flanker
task was low, but still acceptable (rsg =.49), the reliability
of the Stroop task was unacceptably low with rgp=.13.
Therefore, we removed the inhibition factor and tested a
revised version of the model (Fig. 4). The fit of the revised
model was acceptable, x*(24)=32.71, CFI=.97,
RMSEA =.06 and SRMR =.05. For this model, all factor
loadings and covariances were significant.

Linear mixed-effects modeling

After confirming the theoretical constructs measured by
our test-battery, we examined whether training the three
different functional categories Storage-Processing, Rela-
tional Integration, and Supervision had distinct transfer ef-
fects on cognitive performance on the level of constructs.
Table 9 lists the descriptive group statistics on the level
of constructs for each time of assessment. Ideally we would
investigate transfer effects on the construct level through
latent-change models, which extend structural-equation
models to include parameters for change in factor means
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Fig. 4. Model 2 (measurement model for the transfer tasks at pretest).
F = figural; n = numerical; v = verbal.
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across measurement occasions (Schmiedek, Lovden, et al.,
2010). Unfortunately, the sample sizes of training groups
were insufficient for that method. We therefore chose lin-
ear mixed-effect (LME) modeling, which is less demanding
with regard to sample size but also enables us to separately
estimate effects on the levels of constructs and of individ-
ual tasks, as explained below. To assess whether the exper-
imental groups differed in how much they gained in
performance from pretest to posttest in different
constructs, we modeled standardized gain scores (i.e.,
pre-post differences in performance, expressed in stan-
dard-deviation units) of each individual in each task as a
function of experimental group, construct measured by
the task, and their interaction.

The most compelling reason for applying an LME model
instead of a more conventional statistical method such as
ANOVAs is that the LME model accounts for all systematic
sources of variance in the data set simultaneously. These
sources of variance can either be fixed effects (e.g., exper-
imental conditions) or random effects (e.g., individual dif-
ferences). LME models allow multiple crossed random
effects (Baayen, Davidson, & Bates, 2008). In the present
study, this is particularly useful because we can model
crossed random effects of subjects and of tasks. The ran-
dom effect of subjects reflects the fact that subjects are a
random sample from the population, with random vari-
ability between them. Random effects of task reflect the
fact that the tasks used as indicators for a construct such
as working memory, shifting, inhibition, and reasoning
are a sample drawn from a population of possible tasks
to measure these theoretical constructs. Therefore, the
model predicts the mean gain score for a construct in each

group (i.e., the fixed effects of group and construct), and
the standardized gain on individual tasks is modeled as
deviating randomly from the construct mean, in the same
way as individual subjects deviate randomly from the
group mean. This modeling technique provides an estimate
for change on the construct level that is relatively indepen-
dent of idiosyncratic features of individual indicators.

LME models also allow including other possible predic-
tors that could have an influence on the outcome variable.
For example, in the present study it is reasonable to as-
sume that effects of training might decrease from posttest
to follow-up assessment. In contrast to ANOVA, LME mod-
els also allow for evaluating interactions between continu-
ous variables (for a more detailed discussion on this
matter, see Hoffman & Rovine, 2007). This enables us to
examine another additional predictor, the individual per-
formance increase during the training intervention. It is
possible that those individuals, who showed a larger per-
formance increase in the training tasks, also show larger
magnitudes of transfer.

For each experimental group, we ran a separate LME
model predicting standardized gain scores for each indi-
vidual on each task. Standardized gain scores were com-
puted by calculating the difference between posttest and
pretest score (for T2) or the difference between follow-up
and pretest score (for T3) and dividing it by the pretest
standard deviation. Thus, the data consisted of two
standardized gain scores (for T2 and T3) for each of nine
transfer tasks (i.e., four working memory tasks: Brown-
Peterson, memory updating, binding, monitoring; one
shifting indicator: task-switching costs, two inhibition
indicators: Stroop interference and Flanker interference;
and two reasoning indicators: the syllogisms test and the
reasoning scale of the BIS), for each of the 121 participants.

Fixed-effect predictors were training group (experi-
mental group vs. Active Control) and construct measured
by the tasks (working memory, shifting, inhibition, and
reasoning). The predictors training group and construct
were contrast-coded according to West, Aiken, and Krull
(1996) to ensure the interpretability of the estimates as
differences between the group means. Specifically, partici-
pants in the experimental group (e.g., the Storage-Process-
ing group) received a value of +1/2, and participants in the
Active Control group received a value of —1/2. The main ef-
fect of this contrast reflects the improvement of the train-
ing group relative to the Active Control group across all
transfer tasks. The predictor construct comprised four lev-
els (i.e., the four constructs measured), so we first had to

Table 9

Within-group changes from pre-training to post-training assessment for the transfer tasks averaged across constructs as a function of time of assessment.
Group Working memory Shifting Inhibition Reasoning

T2 T3 T2 T3 T2 T3 T2 T3

Storage-Processing 0.93 0.79 -0.12 —0.08 —0.08 -0.17 0.59 0.88
Relational Integration 0.62 0.73 0.04 0.05 0.12 0.12 0.52 0.56
Supervision 0.44 0.61 0.60 0.40 —0.06 —-0.01 0.72 0.74
Active Control 0.35 0.46 -0.28 —0.47 0.21 0.19 0.44 0.56

Note. Within-group changes across time were calculated by subtracting raw score means at pretest from raw score means at posttest (T2) (or follow-up, T3,
respectively), divided by standard deviation at pretest (i.e., (T2 — T1)/SDr;). These standardized change scores were then averaged across tasks measuring

the same construct. Positive values reflect improvements.
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recode this categorical variable into three binary contrast
codes, with the fourth level serving as baseline. For this
purpose, we used inhibition as baseline construct. Statisti-
cally, it does not matter which level of a categorical vari-
able serves as baseline (cf. West et al., 1996). Next, the
construct contrasts were coded such that they averaged
to zero across all tasks. For instance, because four of the
nine tasks were indicators of working memory, the work-
ing-memory contrast was given the value +5/9 for all stan-
dardized gain scores reflecting working-memory tasks, and
—4/9 for all other standardized gain scores, so that the con-
trast codes of all nine tasks add to zero: 4« 5/9 +5 x —4/
9 = 0. The main effects of the construct contrasts reflect dif-
ferences between constructs in their degree of change over
measurement occasions, averaging across the groups.

Because we were most interested in effects of specific
training regimes on specific constructs, the model included
interaction terms between the group contrasts and the
construct contrasts. These interactions reflect specific
training gains of a trained group (relative to the Active
Control group) on a particular construct. For instance, the
interaction of the working memory construct predictor
with the Storage-Processing versus Active Control contrast
reflects the degree to which the Storage-Processing group
improved over and above the Active Control group on tasks
measuring working memory.

This model is formalized as

d:a—&-b]~G+b2~WM+b3~SH+b4-R+b5-G-WM
+b6-G-5H+b7-G-R+€.

Here, a is the intercept, e is the residual, and G, WM, SH,
and R are the predictors (group, working memory, shifting,
and reasoning) with their respective regression weights b,
to b,. For example, performance of the Storage-Processing
group in a working memory task such as the Brown-Peter-
son task would be predicted with the following contrast
codes:

d=a+by-1/24by-5/9+bs-(—=1/9)+bs-(-2/9) + bs
-1/2-5/9+4bg-1/2-(-1/9)+b7-1/2-(-2/9) +e.

Subjects and tasks were treated as crossed random ef-
fects (Baayen et al., 2008). Random effects can be assumed
for intercepts only (i.e., random variation around the grand
mean of the dependent variable), or for both intercepts and
slopes (i.e., random variation also in the size of effects of all
predictors). Because our model comprises two dimensions
of random effects, this results in four possible versions of
each model. The first version includes random effects of
subjects and tasks only on the intercept. The second ver-
sion includes random effects of subjects on both intercept
and slopes, but random effects of tasks only on the inter-
cept. The third model version has random effects of sub-
jects only on the intercept, but random effects of tasks on
both intercept and slopes. The fourth model includes ran-
dom effects on intercepts and slopes for both subjects
and tasks. For each LME model, we ran the four versions
and calculated the Bayesian Information Criterion (BIC).
The BIC evaluates model fit based on the log-likelihood,
but takes the degrees of freedom into account; a smaller

BIC reflects a better model fit. In all cases, the BIC was
smaller for the model version where random effects for
both subjects and tasks were allowed only on the intercept.
Therefore, we report only the model version allowing ran-
dom effects only on the intercepts, resulting in the regres-
sion equation

d,»,-=a+a,~j+b1-G+b2-WM+b3-SH+b4-R+b5-G
WM +bg-G-SH+b;-G-R+e,

where the subscript i represents the individual, and the
subscript j is the respective task. Hence, a is the mean stan-
dardized gain score across all subjects and tasks, and aij is
the random deviation of the individual gain score of partic-
ipant i in task j from that mean.

For each group, we first ran this model (hereafter re-
ferred to as the basic model). In a second step, we added
the additional predictor time of assessment (pretest to
posttest vs. pretest to follow-up) to the basic model. Con-
trary to our expectations, neither the main effect nor any
interaction involving the predictor time of assessment
was significant. Therefore, we did not consider this predic-
tor further. For comparability of the present data set to
previous studies not including a follow-up assessment,
we provide the basic models’ results separately for each
time of assessment in the Appendix (Table A3). In a third
model, individual training performance was added as a fur-
ther predictor to the basic model to test whether individ-
ual gains on transfer tasks were correlated with
individual improvements on the training tasks. Individual
training performance was measured by the level of diffi-
culty achieved in the last training session for Storage-Pro-
cessing and Relational Integration training, by the
proportional improvement in switch costs from the first
to the last training session for Supervision training, and
by the improvement in RTs from the first to the last train-
ing session for Active Control training. The training-perfor-
mance predictor used in the model was the composite
score calculated by averaging z-transformed scores in the
three training tasks within each group. The formalization
of this extended model is

dij=a+aj+by-G+by-WM+bs-SH+bs-R+bs-TR
+b]ocWMTR+b]]GSHTR+b126RTR
+ e,

with TR for the individual training performance. For each
group, we will first present the results of the basic model,
followed by the extended model which additionally in-
cludes the predictor individual training performance.

The models were fit to the data using the statistics pro-
gram R (R Development Core Team, 2010) with package
“Ime4” (Bates & Maechler, 2010). Significance of the pre-
dictors was calculated based on Markov-Chain Monte-Car-
lo simulations using the package “languageR” (Baayen,
2010).

Storage-processing vs. active control group. Table 10 sum-
marizes the results of the regression analysis. The regres-
sion weights for the predictors included in the basic
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Table 10

Parameter estimates for fixed effects of the random-intercept mixed-effects models relating training effects to the predictors for the storage-processing vs.

active control group comparison.

Parameter Basic model Extended model
Estimate [95% CI?] p° Estimate [95% CI] p

Intercept 0.43 [0.23,0.64] .003 0.43 [0.24,0.62] .001
Storage-Processing vs. Active Control group 0.08 [-0.06,0.21] .236 0.08 [-0.06,0.21] .260
Working memory 0.64 [0.11,1.16] .024 0.64 [0.15,1.12] .018
Shifting —0.29 [-1.05,0.42] .366 —0.29 [-0.98,0.41] 354
Reasoning 0.56 [-0.04,1.14] .056 0.57 [-0.01,1.13] .050
Storage-Processing group x working memory 0.53 [0.28,0.79] <.001 0.53 [0.27,0.78] <.001
Storage-Processing group x shifting 0.63 [0.27,1.00] .001 0.63 [0.28,1.00] .001
Storage-Processing group x reasoning 0.56 [0.25,0.86] <.001 0.56 [0.25,0.86] <.001
Training performance - 0.01 [-0.06,0.08] 735
Storage-Processing group x training performance - 0.07 [-0.07,0.21] 327
Working memory x training performance - —0.02 [-0.14,0.12] .808
Shifting x training performance - 0.04 [-0.15,0.22] .668
Reasoning x training performance - —-0.10 [-0.25,0.05] 210
Storage-Processing group x working memory x training performance - 0.32[0.05,0.58] .019
Storage-Processing group x shifting x training performance - 0.04 [-0.31,0.43] 831
Storage-Processing group x reasoning x training performance - 0.36 [0.06,0.67] .022

Note. Bold p-values indicate significant predictors (p <.05). The extended model additionally includes the predictor individual training performance and the

involved interaction terms.
2 Confidence intervals are highest posterior density intervals.

P p-Values are two-tailed and were derived by comparisons based on means estimated by Markov-Chain Monte-Carlo simulations.

model and their respective level of significance are shown
in columns 2 and 3; the next two columns present the re-
sults for the extended model. The significant intercept
indicates that across both groups and all tasks there was
a gain in performance from pretest to the two posttests
combined. The main effect of the contrast pitting the Stor-
age-Processing group against the Active Control group was
not significant, indicating that Storage-Processing training
did not have a general effect on overall cognitive perfor-
mance gain. One of the three construct contrasts was sig-
nificant (working memory). This means that the gain
scores were generally larger for working memory tasks
than for the other three constructs, but this is true for both
training groups. The question whether Storage-Processing
training had an effect on performance gain in a specific
construct is answered by the interactions between training
groups and construct. All three interactions were signifi-
cant and positive, indicating larger gain scores for the Stor-
age-Processing group than the Active Control on working
memory, shifting and reasoning compared to the group ef-
fect on gain in inhibition. The extended model revealed
that although individual training performance did not af-
fect test performance generally, it had a significant and po-
sitive impact specifically on performance in tasks
measuring working memory and reasoning. Therefore,
Storage-Processing training performance contributed posi-
tively to improvements in the working memory and the
reasoning tasks.

Fig. 5 shows the group means of the gain scores ob-
served from pretest to posttest and from pretest to fol-
low-up, and the corresponding model predictions. Note
that in contrast to the LME model, the group means plotted
do not account for individual differences, but they are
helpful to evaluate the direction of effects as well as the
model fit. The figure illustrates that the Storage-Processing
group showed larger gain scores than the control group in

working memory and reasoning, but smaller gain scores in
inhibition. Therefore, the significant interactions between
group and working memory, and group and reasoning
could reflect positive transfer from Storage-Processing
training to working memory and reasoning, or the smaller
gains of the Storage-Processing group in inhibition, or
both. These possibilities can be tested with post hoc LME
models including only one construct. For example, if the
contrast between training group and working memory re-
flects positive transfer of Storage-Processing training on
working memory, the main effect of group should be sig-
nificant in a post hoc LME model which only includes gain
scores in working memory. For working memory, this post
hoc test revealed an only marginally significant effect of
Storage-Processing training (bgroup = 0.18, 95%
Cl=[-0.01,0.36], p =.058). For reasoning, the positive ef-
fect of Storage-Processing training was stronger, with
bgroup = 0.21, 95% CI =[0.03,0.39], p =.021. The interaction
between group and shifting resulted from a decrease in
shifting performance, which was only less pronounced in
the Storage-Processing group than the Active Control
group. Therefore, this interaction cannot be interpreted
as positive transfer effect.

To quantify the strength of evidence in favor of the
hypothesis that Storage-Processing training led to broad
transfer to working memory and reasoning, we calculated
the Bayes-Factor (BF) for both group x construct interac-
tions. The BF is derived by the equation

BF = exp(0.5 * (BIC; — BIC))

with BIC; being the BIC of the basic model as described
above, and BIC; being the BIC of the same model but with
the critical group x construct interaction (e.g., Storage-
Processing x working memory) set to zero (see Wagen-
makers, 2007 for a detailed description on Bayesian
hypothesis testing). The BF was evaluated according to
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Fig. 5. Gain scores in the transfer tasks measured at posttest (T2) and follow-up assessment (T3), and the gain scores predicted by the linear mixed-effects
model for the Storage-Processing group compared to the Active Control group. Error bars represent standard errors of the mean. Note that the gain scores
plotted reflect group means, whereas the model accounts for individual differences.

Table 11
Parameter estimates for fixed effects of the random-intercept mixed-effects models relating training effects to the predictors for the relational integration vs.
active control group comparison.

Parameter Basic model Extended model
Estimate [95% CI?] p° Estimate [95% CI] p

Intercept 0.42 [0.23,0.63] .003 0.43 [0.24,0.61] <.001
Relational Integration vs. Active Control group 0.08 [-0.06,0.21] 263 0.07 [-0.06,0.21] 277
Working memory 0.45 [-0.07,0.94] .069 0.45 [-0.01,0.92] .059
Shifting -0.33 [-1.03,0.37] 293 —0.33 [-1.02,0.33] .280
Reasoning 0.36 [-0.21,0.94] .166 0.37 [-0.17,0.92] .160
Relational Integration group x working memory 0.15[-0.11,0.42] .246 0.15[-0.12,0.41] 251
Relational Integration group x shifting 0.55[0.18,0.92] .005 0.55[0.20,0.935] .004
Relational Integration group x reasoning 0.16 [-0.16,0.46] 309 0.16 [-0.16,0.45] 319
Training performance - 0.03 [-0.04,0.10] 414
Relational Integration group x training performance - 0.11 [-0.03,0.24] 144
Working memory x training performance - 0.00 [-0.13,0.14] 957
Shifting x training performance - 0.11 [-0.08,0.30] 256
Reasoning x training performance - —0.11 [-0.26,0.05] 175
Relational Integration group x working memory x training performance - 0.34 [0.07,0.61] 014
Relational Integration group x shifting x training performance - 0.18 [-0.18,0.58] 359
Relational Integration group x reasoning x training performance - 0.33 [0.03,0.66] .034

Note. Bold p-values indicate significant predictors (p < .05). The extended model additionally includes the predictor individual training performance and the
involved interaction terms.

2 Confidence intervals are highest posterior density intervals.

b p-Values are two-tailed and were derived by comparisons based on means estimated by Markov-Chain Monte-Carlo simulations.

the guidelines introduced by Kass and Raftery (1995)'. The Processing training on working memory (BF =99.48) and
BF indicated strong evidence for the effect of Storage- on reasoning (BF = 25.79).

In summary, Storage-Processing training induced spe-

cific performance gains in reasoning, and there was some

mg to Kass and Raftery (1995), a BF between 1 and 3 is “weak”, eyldence that it also benefited workmg memory. The mag-

from 3 to 20 it is “positive”, from 20 to 150 it is “strong”, and above 150 it is nitude of these transfer effects increased with better per-
“very strong”. formance during training.
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Fig. 6. Gain scores in the transfer tasks measured at posttest (T2) and follow-up assessment (T3), and the gain scores predicted by the linear mixed-effects
model for the Relational Integration group compared to the Active Control group. Error bars represent standard errors of the mean. Note that the gain scores
plotted reflect group means, whereas the model accounts for individual differences.

Relational integration vs. active control group

The results of the basic model for the comparison be-
tween Relational Integration and Active Control training
are listed in Table 11. There was no effect of Relational
Integration training on overall gain. The only significant
interaction for the Relational Integration group occurred
for shifting. However, the group means of the gain scores
(Fig. 6) again indicate that this significant interaction is
due to the Active Control group’s performance decrease.
The extended model including individual training perfor-
mance revealed two additional significant interaction
terms: group by training performance and working mem-
ory, and group by training performance and reasoning.
Hence, although there was no general transfer effect of
Relational Integration training on working memory and
reasoning, larger Relational Integration training perfor-
mance led to larger gain scores (in comparison to the Ac-
tive-Control group) in working memory and reasoning
tasks.

Supervision vs. active control group

As for the other two group comparisons, the model con-
trasting the Supervision against the Active Control group
showed no evidence for a general effect of Supervision
training on cognitive performance gain (see Table 12).
The construct contrasts for working memory and reason-
ing were significant, but the interaction between training
group and working memory was not, indicating that
Supervision training did not selectively improve working
memory. The Supervision group’s gain scores did, however,
exceed the Active control group’s gains in shifting and rea-
soning. Different from the other experimental training

groups, the Supervision group showed large gains in shift-
ing performance (cf. Fig. 7). To examine the source of this
interaction, we conducted separate multivariate analyses
of variance (MANOVAs) for each group on the gain scores
for task switching at posttest and follow-up. Whereas
the Supervision group’s performance increased signifi-
cantly, F(2,29)=4.38, p=.022, n2 =23, the Active
Control group’s performance decreased, F(2,28)=
7.63, p=.002, 1112) = .35. As for the Storage-Processing
group, we ran post hoc LME models including only the gain
scores for shifting or reasoning, respectively, to isolate the
effect of supervision training on each of these constructs.
The predictor for group was significant in both the shifting
model (bgroup = 0.92, 95% CI=[0.56,1.27], p <.001), and the
reasoning model (bgoup =021, 95% CI=[0.04,0.39],
p =.021). The evidence for an effect of Supervision training
on shifting was very strong (BF = 3.98 x 10*7), and it was
positive for the effect on reasoning (BF = 4.71). In addition,
the extended model showed that larger gains in switch-
ing efficiency during Supervision training were correlated
with larger gain scores in shifting and reasoning, support-
ing the conclusion that Supervision training transferred to
new switching tasks. As for the other two experimental
groups, there was no effect of Supervision training on
inhibition.

Comparison of model predictions and observed scores

Figs. 5-7 show that there was considerable variability
in the gain scores of different tasks even within the same
construct. The random effect of task in our LME models
takes this variation into account to some extent, as can
be seen in the variability of model predictions between
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Table 12

Parameter estimates for fixed effects of the random-intercept mixed-effects models relating training effects to the predictors for the supervision vs. active

control group comparison.

Parameter Basic model Extended model
Estimate [95% CI?] p° Estimate [95% CI] p

Intercept 0.42 [0.25,0.59] .001 0.42 [0.25,0.57] <.001
Supervision vs. Active Control group 0.06 [-0.08,0.20] 378 0.06 [-0.07,0.20] 375
Working memory 0.47 [0.05,0.89] .033 0.47 [0.07,0.87] .027
Shifting —0.01 [-0.60,0.58] .976 0.00 [-0.56,0.58] 992
Reasoning 0.52 [0.03,0.99] .038 0.53 [0.07,0.98] .030
Supervision group x working memory 0.20 [-0.06,0.44] 117 0.19 [-0.06,0.44] 129
Supervision group x shifting 1.18 [0.85,1.56] <.001 1.20 [0.86,1.54] <.001
Supervision group x reasoning 0.47 [0.18,0.76] .002 0.47 [0.18,0.76] .001
Training performance - 0.02 [-0.06,0.08] .654
Supervision group x training performance - 0.07 [-0.07,0.22] 295
Working memory x training performance - —0.11 [-0.24,0.01] .081
Shifting x training performance - 0.27 [0.10,0.46] .003
Reasoning x training performance - —0.11 [-0.25,0.05] 152
Supervision group x working memory x training performance - 0.13 [-0.13,0.38] 329
Supervision group x shifting x training performance - 0.51 [0.15,0.86] .007
Supervision group x reasoning x training performance - 0.34 [0.06,0.64] .026

Note. Bold p-values indicate significant predictors (p <.05). The extended model additionally includes the predictor individual training performance and the

involved interaction terms.
2 Confidence intervals are highest posterior density intervals.

P p-Values are two-tailed and were derived by comparisons based on means estimated by Markov-Chain Monte-Carlo simulations.
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Fig. 7. Gain scores in the transfer tasks measured at posttest (T2) and follow-up assessment (T3), and the gain scores predicted by the linear mixed-effects
model for the Supervision group compared to the Active Control group. Error bars represent standard errors of the mean. Note that the gain scores plotted
reflect group means, whereas the model accounts for individual differences.

between estimated and observed gains for two working
memory tasks (memory updating and binding), and one
reasoning task (BIS4S-test). These significant differences
point to task-specific gains that go beyond the between-
task variance expected by chance. In the following we dis-
cuss potential reasons for why these tasks’ gain scores
deviated from the gains on the level of the constructs they
belonged to.

tasks of the same construct. However, the variability be-
tween tasks might exceed that predicted by the random-
effect term in the model. We therefore evaluated whether
gain scores on individual tasks differed significantly from
those predicted by the extended LME models, comparing
the estimated and observed standardized gain scores for
each group using t-tests. The results are listed in Tables
A4-A6 in the Appendix. We found significant differences
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For memory updating, the model overestimates the
gain score for the Relational Integration group. At the same
time, the model underestimates the gain in binding in the
Relational Integration group and overestimates the gain in
binding in the Active Control group. There are two reasons
for this pattern. First, the Active Control group showed no
performance gain in binding at the posttest (mean gain
score = —0.05), but a small effect at follow-up (mean gain
score = 0.34). However, because the models did not include
a predictor for time of assessment, identical gain scores
had to be estimated for both posttest and follow-up, lead-
ing to overestimated gain scores at posttest assessment.
Second, the Relational Integration group improved more
in binding than in any other working memory task (see
Table A4 in the Appendix), whereas the improvement in
memory updating was even smaller in the Relational Inte-
gration than in the Active Control group.

At first glance, the latter result looks as if the Active
Control training had a positive effect on memory updat-
ing. To test this possibility, we ran an LME model on the
memory updating gain scores pitting all experimental
groups conjoined versus the Active Control. The predictor
for this group contrast was not significant (bgroup = —0.19,
95% Cl=[-0.41,0.03], p=.090). The Active Control group
performed slightly, but not significantly worse at pretest
performance than the experimental groups (cf. Table 8),
and reached approximately the same posttest and fol-
low-up performance as the Supervision and the Rela-
tional Integration group. Thus, the smaller gains of the
experimental training groups relative to the Active Con-
trol probably reflect a regression to the mean in the lat-
ter group.

For the BIS-4S test, the models underestimate gain from
pretest to follow-up in the Active Control group. This prob-
ably reflects larger re-test effects for the BIS4-S test com-
pared to the syllogisms, which can be explained by
differences in test design. The BIS4-S test comprises a set
of structurally distinct tests (see Methods), which eases
the recall of test items and, with it, their solutions at post-
test and follow-up. In comparison, the items of the syllo-
gisms all had an identical surface structure and were,
thus, more similar to each other and more difficult to
recall.

Control test

To evaluate whether the experimental training inter-
ventions had an effect on face matching performance, we
ran two LME models, one on the gain scores based on the
proportion of correct responses, and the other one on the
gain in reaction times. Training group (all experimental
groups conjoined versus the Active control) was used as
predictor. As in the other LME models, random effects of
subject were allowed on the intercept. The predictor for
group was not significant for accuracy (bgroup=—0.32,
95% Cl=[-0.71,0.04], p=.090), but for reaction times
(bgroup = —0.43,95% Cl = [—0.78,-0.08], p =.018). The nega-
tive predictor indicates that the Active Control group
showed larger improvements in speed than the experi-
mental groups.

Discussion

The goal of the present work was to investigate training
and transfer effects of working memory training with a
theory-based and well controlled experimental protocol.
Our training focused on the three functional categories
storage and processing, relational integration, and supervi-
sion, which are based on a factor-analytic investigation of
the structure of WMC and related constructs (Oberauer
et al., 2003). Our structural equation model of the pretest
data replicated the three-factor structure. Each category
was trained extensively by one group, and their perfor-
mance on a large battery of cognitive tests was compared
to the performance of an active control group. The imple-
mentation of an active control group allows the conclusion
that transfer effects are specific to the experimental train-
ing itself and can be distinguished from general effects of a
computer-based cognitive training.

The purpose of this design was to answer three central
questions. First, we examined whether there are training
effects for trainings tailored to one of the three specific
constructs storage and processing, relational integration,
and supervision. Second, we wanted to assess whether
training affects performance in tasks which were different
from the training tasks, but measured the same theoretical
construct. Third, we analyzed whether training WMC or
supervision has an influence on other related cognitive
abilities such as reasoning or inhibition, respectively.
Transfer was analyzed with linear mixed-effects models
for each experimental group versus the control group
separately.

We found large training effects for all groups. Concern-
ing our first research question, the results suggest that ade-
quate training leads to improvement in the trained tasks
for all three constructs. Concerning the second question,
we examined the transfer profiles for each training group
by running linear mixed-effects models. We found that
only Storage-Processing training had a (marginally signifi-
cant) effect on indicators of working memory, and only
Supervision training had an effect on shifting. Furthermore,
training performance had a significant positive influence
on the magnitude of transfer: The better the training per-
formance, the larger the transfer on indicators of con-
structs for which positive transfer was observed.

There is one limitation to this finding: All participants
start the training phase on the same level of difficulty,
and participants with higher initial ability will reach a bet-
ter training performance faster than individuals with lower
initial ability - independent of the presence of training
gains. Thus, our measure of training gain could potentially
be confounded with the individual’s initial level of ability.
To avoid this source of additional noise, future studies
should eliminate this confound, for example by including
test versions of the training tasks in their pre- and posttest
assessment of cognitive performance.

Relational Integration training had no general effect on
any of the constructs. Instead, Relational Integration train-
ing induced transfer exclusively to a working memory
binding task. Overall, we conclude that all training groups
showed at least some evidence for transfer. In contrast to
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Relational Integration training, which affected perfor-
mance exclusively in a single task testing binding, Stor-
age-Processing and Supervision training induced transfer
also on the level of constructs. Furthermore, there was no
effect of time of assessment for any group, construct, or
group by construct interaction, which means that the ef-
fects were not measurably diminished after 6 months
without training.

Addressing our third research question concerning
transfer to constructs and abilities that are related to the
trained ones, we analyzed transfer of training to inhibition
and reasoning measures. Contrary to previous studies
(Chein & Morrison, 2010; Karbach & Kray, 2009; Klingberg
et al., 2005), we obtained no evidence for an improvement
in inhibition measurements for any training group. This
lack of transfer could be due to the low reliability of our
indicators of inhibition (i.e., Flanker and Stroop interfer-
ence). The absence of transfer from Supervision training
to inhibition stands particularly in contrast to the findings
of Karbach and Kray (2009), who found such an effect in
their study. In addition to the low reliability of Flanker
and Stroop interference in our study, a second reason for
this finding could be that we used cues to indicate the cur-
rent task whereas participants in Karbach and Kray’s study
had to keep in mind what the current task was. Future re-
search comparing the training effects of cued and non-
cued task switching could help to determine whether that
feature is responsible for the lack of transfer to inhibition
in our task-switching training.

Regarding reasoning, the mixed-effects model showed
that Storage-Processing and Supervision training led to
improvement in reasoning, and the magnitude of transfer
to reasoning increased with the individual training perfor-
mance on the trained tasks. Again, there was no significant
impact of time of assessment on transfer to reasoning,
indicating that improvements in reasoning were stable
over time.

In contrast to our findings, Chein and Morrison (2010)
found no transfer effect of complex-span training to rea-
soning. An obvious difference between our training para-
digm and theirs was the way how level of task difficulty
was adapted to individual performance. In Morrison and
Chein’s study, participants started each training session
at the same level of difficulty (four items), regardless of
the level achieved in the previous session. In contrast, in
our training regime, the training started each session at
the level of difficulty achieved in the previous training ses-
sion. As a consequence, our participants completed a larger
number of challenging trials in each session than those in
Morrison and Chein’s study. This interpretation matches
the theoretical framework of cognitive plasticity proposed
by Lovden et al. (2010) that predicts maximum change
when there is a “prolonged mismatch between functional
organismic supplies and environmental demands” (p.
659). Therefore, it is possible that the duration of training
at the optimal level of task difficulty was too short in Mor-
rison and Chein’s study to induce measurable effects on
reasoning.

We do not wish to claim on the basis of our study
that working memory training does transfer broadly.
No single study can decide this issue, but every single

study contributes evidence that will eventually accumu-
late into a sound basis for estimating the effects of work-
ing memory training. Within Bayesian statistics, the
contribution of each piece of evidence to a rational eval-
uation of a hypothesis in question can be quantified
through the Bayes-Factor. In our study, the Bayes-Factor
indicated strong evidence for an effect of Storage-Pro-
cessing training on reasoning, and positive evidence for
an effect of Supervision training on reasoning. Therefore,
taken together, our finding adds evidence in favor of the
hypothesis that reasoning can be improved by training
working memory tasks.

Different from previous studies showing an impact of
working memory training on reasoning (Jaeggi et al.,
2008, 2010; Klingberg et al., 2005), we obtained evidence
for such an effect with an intelligence test which is not
based entirely on matrix reasoning but on a more diverse
set of tasks. Furthermore, to our knowledge, the present
study is the first demonstrating this effect by comparing
an intervention group to an active control group which
experienced identical training conditions as the interven-
tion group did. Most previous studies used either passive
control groups (e.g., Jaeggi et al., 2008, 2010; Schmiedek,
Lovden, et al., 2010; but see Redick et al., in press) or active
control groups with non-adaptive and, hence, potentially
less engaging versions of the experimental training tasks
(e.g., Holmes et al., 2009; Klingberg et al., 2005).

Overall, our results suggest that Storage-Processing
and Supervision training are most promising regarding
transfer to other cognitive abilities, whereas Relational
Integration training only induced transfer to a measure
of binding in working memory. The construct of rela-
tional integration is conceptualized as the ability to cre-
ate relational representations through temporary
bindings. Therefore, it is possible that Relational Integra-
tion training was indeed effective, but its effect was so
weak that it transferred only to a test tapping specifically
the cognitive process most central to relational integra-
tion itself, namely the short-term maintenance of tempo-
rary bindings. There was a significant positive
contribution of individual performance during Relational
Integration training on working memory and reasoning,
possibly indicating that some form of transfer happened.
However, in the absence of general effects on perfor-
mance in these constructs, this effect should be inter-
preted cautiously. A possible explanation for the
comparatively narrow transfer effects of Relational Inte-
gration training could be that the Relational Integration
training tasks were not sufficiently demanding. The rela-
tively steep learning curves in two of the three Relational
Integration training tasks indicate that most participants
found it easy to progress from one level to the next. A
future study might investigate the potential of Relational
Integration training with more demanding and more
engaging training tasks.

One obvious difference between our active control
group and passive control groups is that our control
group made substantial gains in information-processing
speed (without sacrificing accuracy), which generalized
to a new face matching task and even impaired shifting
performance. Because processing speed is a crucial com-
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ponent of many tasks used to assess working-memory
capacity and executive functions (Schmiedek, Oberauer,
Wilhelm, Sii3, & Wittmann, 2007), it is reasonable to as-
sume that the Active Control group also made perfor-
mance gains in the cognitive abilities tested in our
battery of transfer tasks. This would lead to an underes-
timation of the effect sizes observed for the experimental
groups, relative to the control group. Despite our very
conservative assessment of training effectiveness, Stor-
age-Processing and Supervision training were still supe-
rior to Active Control training concerning transfer to
other cognitive abilities.

Do process-specific strategies affect transfer?

The effect of Storage-Processing training on working
memory was only marginally significant, and examining
the group means of the effect sizes revealed that there
was no transfer of this training to the Brown-Peterson
task. Why did the training of complex span tasks not ben-
efit performance on the Brown-Peterson task, although
both tasks consist of a combination of a storage task with
a processing component? We propose the following tenta-
tive explanation. We distinguish between cognitive con-
structs (e.g., working memory), reflected by correlations
and covariances between scores in different tasks, and cog-
nitive processes that contribute to individual tasks, such as
task-specific strategies. It is possible that training im-
proved an underlying cognitive ability such as working
memory, but that, at the same time, participants learned
task-specific strategies to master the training task. Pre-
cisely because the complex span and the Brown-Peterson
task both involve storage and processing, they are superfi-
cially similar and invite the application of the same strate-
gies - even if strategies useful in one task are
counterproductive in the other, structurally different task.
Thus, the transfer effect of training on complex-span tasks
to tests on Brown-Peterson tasks could be the sum of a po-
sitive effect on working memory on the construct level, to-
gether with negative transfer of strategies on the task level.
However, the present study design cannot resolve this
matter, and future experiments have to test this hypothe-
sis systematically.

Negative transfer of task-specific strategies could also
account for similar findings in other studies that found
transfer of training on working memory tasks to related
constructs such as reasoning, but at the same time found
no measurable transfer to tasks measuring the same cogni-
tive construct as the trained one but which were structur-
ally different (e.g., Jaeggi et al., 2010; Schmiedek, Lévden,
et al., 2010; note that these tasks were classified as “far
transfer” in the latter study).

One reason for why a strategy that works for complex
span tasks does not work for Brown-Peterson tasks is that
complex span tasks rely in part on other processes than
Brown-Peterson tasks (or, as in the studies cited above,
n-back tasks). The complex span task requires continuous
switching between storage and processing of distracting
material. In contrast, the Brown-Peterson paradigm
mainly targets coping with interference produced by the
distracting task in between encoding and recall (for empir-

ically observed differences between the tasks see Jarrold,
Tam, Baddeley, & Harvey, 2011; Tehan, Hendry, & Kocinski,
2001). Therefore, it is possible that Storage-Processing
training improved mainly the flexibility of switching be-
tween encoding items into memory and preventing encod-
ing of distractor processing, a process that is not primarily
demanded by the Brown-Peterson task.

Supervision training had on all levels of analysis a very
strong effect on the transfer assessments of task switching
efficiency. This effect was larger than any other transfer ef-
fect, probably because of two reasons. First, the trained
tasks were structurally identical to the transfer tasks, and
only the stimuli and task rules changed. Hence, partici-
pants could apply task-specific strategies to the transfer
tasks. This relationship between the tasks matches the
concept of “near transfer” applied in other studies (e.g.,
Li et al,, 2008; Schmiedek, Lovden, et al., 2010). Second,
during Supervision training, stimuli sets were replaced
after every fourth training session to raise training motiva-
tion, given that this kind of task is generally less engaging
than the training tasks of the other experimental groups.
These changes introduced additional variability to the task,
which probably increased chances for observing transfer
(cf. Schmidt & Bjork, 1992). Future studies that comprise
the administration of a wide range of carefully designed
paradigms could help to determine the role of process-
specific strategies on transfer.

Conclusion

The present study contributes evidence suggesting that
a theory-based, carefully controlled and extensive training
has an impact on cognitive abilities such as working mem-
ory and reasoning that were believed to be constant traits.
However, distinct transfer profiles for the three functional
categories storage and processing, relational integration,
and supervision illustrated considerable variations regard-
ing the magnitude of transfer to certain constructs -
providing a possible explanation for the inconsistency of
previous studies where the targeted cognitive function of-
ten remained unclear. We conclude that in comparison to
relational integration training, training of storage and pro-
cessing and training of supervision yield the greatest po-
tential for transfer to reasoning. Furthermore, our results
indicate that transfer effects found are still observable after
6 months without specific training. Although the effects re-
ported here were rather small, we believe they advance the
understanding of the malleability of specific aspects of
working memory. Future research should determine the
factors that maximize these transfer effects so that they
become practically relevant for interventions such as cog-
nitive rehabilitation.
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