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Cognitive control functions decline with increasing age. The present study examines if dif-
ferent types of group-based and trainer-guided training effectively enhance performance of
older adults in a task switching task, and how this expected enhancement is reflected in
changes of cognitive functions, as measured in electrophysiological brain activity (event-
related potentials). One hundred forty-one healthy participants aged 65 years and older
were randomly assigned to one of four groups: physical training (combined aerobic and
strength training), cognitive training (paper–pencil and computer-aided), relaxation and well-
ness (social control group), and a control group that did not receive any intervention.Training
sessions took place twice a week for 90 min for a period of 4 months. The results showed
a greater improvement of performance for attendants of the cognitive training group com-
pared to the other groups.This improvement was evident in a reduction of mixing costs in
accuracy and intraindividual variability of speed, indexing improved maintenance of multiple
task sets in working memory, and an enhanced coherence of neuronal processing. These
findings were supported by event-related brain potentials which showed higher amplitudes
in a number of potentials associated with response selection (N2), allocation of cognitive
resources (P3b), and error detection (Ne).Taken together, our findings suggest neurocogni-
tive plasticity of aging brains which can be stimulated by broad and multilayered cognitive
training and assessed in detail by electrophysiological methods.
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INTRODUCTION
The primary role of executive or control functions is planning,
maintaining, and implementing of goal-directed behavior. This
behavior requires a number of distinct cognitive abilities like
working memory, selective attention, multitasking, task switching,
response monitoring, and error detection. Nearly all of these func-
tions show an age-related decline (Craik and Salthouse, 2000; Band
and Kok, 2000; Falkenstein et al., 2000, 2001, 2002; Kray and Lin-
denberger, 2000; Verhaeghen and Cerella, 2002; Salthouse, 2009).
However, the decay of these functions is extremely different among
individuals, and some of them preserve a high functional level until
very old age whereas other’s cognitive abilities decrease already in
the middle of adolescence (Baltes and Lindenberger, 1997; Hultsch
and MacDonald, 2004). Thus, the investigation of factors prevent-
ing cognitive decline, the development of methods for compensa-
tion as well as interventions to improve fluid cognition in elderly
plays a crucial role for maintaining quality of life in older age.

Indeed, in recent years, there is an increasing interest in factors
ameliorating cognitive and brain aging. Whereas genetic disposi-
tions set an individual range of cognitive abilities, which are even
magnified in late relative to early adulthood (Lindenberger et al.,
2008), variable factors like nutrition or level of physical, social, and
cognitive engagement can provide stimulation of the cognitive
system that can reduce some age-related deficits (Bielak et al.,

2007; see also Greenwood and Parasuraman, 2010 and Gajewski
and Falkenstein, 2011a for reviews).

The most consistent improvements of control functions in
older age were found after physical exercise (see Colcombe and
Kramer, 2003; Kramer and Erickson, 2007; Hillman et al., 2008,
for reviews). For example, Colcombe et al. (2004) showed that
older participants improved performance in an executive function
task and showed larger activation in brain areas supporting these
functions after a 6-month cardiovascular training. Smiley-Oyen
et al. (2008) compared effects of aerobic and strength training
in older persons on executive control tasks and found largest
benefits of the aerobic training after 5 months training. Similar
effects on executive functions in elderly were reported by Liu-
Ambrose et al. (2010) after 1 year resistance training. Recently,
Voelcker-Rehage et al. (2011) reported differential effects of 1 year
cardiovascular and coordination training on executive control and
perceptual speed tasks as well as effects on the underlying brain
activity measured by fMRT. These findings suggest that not only
aerobic training but also other types of physical activity are benefi-
cial regarding cognitive functions. Thus, combination of different
types of training like aerobic and strength exercises may be more
beneficial than only one type as different neuronal structures are
involved (Colcombe and Kramer, 2003; Heyn et al., 2004; Kramer
et al., 2006). Indeed, Colcombe and Kramer (2003) and McAuley
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et al. (2004) argued that a combined cardiovascular and strength
training would be most promising regarding cognitive improve-
ments. The neuronal mechanisms of aerobic exercise on executive
functions are not entirely clear but animal and human research
suggest enhanced neurogenesis and synaptic plasticity stimulated
by higher concentrations of brain-derived neurothrophic factor
(BDNF), particularly in the hippocampus, a brain area strongly
associated with learning and memory (van Praag et al., 1999, 2005;
Wiskott et al., 2006; Erickson et al., 2011; Gajewski et al., 2011).

A second possibility to enhance cognitive functions in aging is
formal cognitive training that focuses either on one domain only,
for example memory (Klingberg et al., 2002; Jaeggi et al., 2008),
attention (Green and Bavelier, 2003), visual search (Becic et al.,
2008), dual task (Bherer et al., 2005), or task switching (Minear
and Shah, 2008; Karbach and Kray, 2009). In the earlier studies
the training effects were indeed restricted to the trained function
and did not transfer to other functions or daily activities (e.g.,
Willis and Schaie, 1986; Ball et al., 2002; Dahlin et al., 2009) while
other reports showed also transfer effects to non-trained functions
(e.g., Gopher et al., 1994; Klingberg et al., 2005; Willis et al., 2006;
Ball et al., 2007; Caserta et al., 2007; Basak et al., 2008; Cassavaugh
and Kramer, 2009; Edwards et al., 2009; Karbach and Kray, 2009;
Klusmann et al., 2010; Jaeggi et al., 2011). As claimed by Kramer
and Morrow (in press) and Hertzog et al. (2008) it may be impor-
tant to design cognitive training interventions that are not limited
to a single process (such as reasoning or processing speed) but
instead incorporate a number of processes in the training program
in order to maximize the general training gains. Accordingly, such
a multidomain cognitive training may enhance the probability to
observe transfer effects to non-trained or even daily life functions.

Multidomain training also provides novelty, which most likely
stimulates brain plasticity (Düzel et al., 2010). Finally, multido-
main training avoids monotony and enhances fun and the moti-
vation to train. Hence it appears promising to conduct a multido-
main training that involves several fluid functions in order to reach
a cross-functional effect and elevate the probability for transfer to
other areas or even to daily life activities (Kramer and Morrow, in
press). Such training can be a complex videogame (Basak et al.,
2008) or a mixture of training tasks which altogether covers most
fluid functions.

A third possibility for stimulating cognition is an interaction in
a social group and new experiences in general, which are known
to stimulate neuroprotective effects in animal and human studies
(Kempermann et al., 1997; Hultsch et al., 1999; Frick and Fernan-
dez, 2003; Singh-Manoux et al., 2003; Milgram et al., 2006; Bielak
et al., 2007; Hertzog et al., 2009; Swaab and Bao, 2011). Thus, the
influence of group interactions as such has to be controlled.

Longitudinal studies examining training-induced changes of
neuronal activity underlying the performance changes are rather
sparse. Most of them investigated effects of cardiovascular train-
ing (Colcombe et al., 2004; Voelcker-Rehage et al., 2011). To our
knowledge, effects of a longitudinal cognitive training on neuro-
electrical activity in elderly people have not yet been analyzed.
However, it could be assumed that cognitive training reflects a
form of learning and acquiring of expertise including changes
of neuronal networks (Lustig et al., 2009). As has been shown
repeatedly, new experiences or managing of unusual complex

situations are accompanied by synaptic plasticity and neuroge-
nesis (Milgram et al., 2006; Whitlock et al., 2006; Greenwood,
2007; Pereira et al., 2007; Greenwood and Parasuraman, 2010;
Swaab and Bao, 2011). A number of studies investigating neuronal
correlates of simple perceptual or memory training in humans
showed changes in the volume of gray matter (Ilg et al., 2008),
white matter (Takeuchi et al., 2010), and cerebral blood flow
(Mozolic et al., 2010) but also in electrical brain activity (e.g.,
Reinke et al., 2003; Roche and O’Mara, 2003; Song et al., 2005;
Tong et al., 2009). It is likely that these phenomena are not inde-
pendent and reflect consequences of a number of neurobiological
adaptation processes. Training inducing plastic brain changes can
also be observed in advanced age (Jones et al., 2006; Greenwood,
2007; Greenwood and Parasuraman, 2010; Zehnder et al., 2009,
for reviews).

THE PRESENT STUDY
As mentioned above, there is, to our knowledge, by now no longi-
tudinal study that investigated changes in electrical brain activity
due to cognitive and physical training in older subjects. Thus, the
present study aims at investigating the impact of a multidomain
physical and a multidomain cognitive training on fluid cogni-
tive and brain functions relative to a relaxation group as well as
a no-contact control group. The training-related neurocognitive
changes were assessed by a PC-based task switching paradigm and
associated electrophysiological parameters.

By using the task switching paradigm specific functions like
maintaining, selecting, and switching between multiple task sets
can be analyzed as a function of aging (Kramer et al., 1999; Kray
and Lindenberger, 2000; Cepeda et al., 2001; De Jong, 2001; Mayr,
2001; Mayr and Liebscher, 2001; Meiran et al., 2001; Kray et al.,
2004; Kray, 2006; West and Travers, 2008). The role of the response
selection and monitoring system is to translate the goals into action
and to control the outcome in order to prevent possible errors. This
function is strongly loaded during task switching and even more
in switch trials than in repeat trials (Gajewski et al., 2010a).

Crucial behavioral outcomes of the task switching paradigm are
so called mixing costs, defined as the difference between non-switch
trials in mixed and single task blocks and local switch costs, defined
as a difference between performance in task switch trials and
non-switch trials (Allport et al., 1994; Rogers and Monsell, 1995;
Meiran, 1996). Mixing costs are assumed to represent retrieval
and active maintenance of multiple task sets in memory, whereas
local costs are rather attributed to proactive interference between
previously and the currently relevant task (see Kiesel et al., 2010
for overview). Mixing costs are consistently found to be enhanced
in older age, whereas local costs usually do not differ between
younger and older participants (e.g., Kramer et al., 1999; Kray and
Lindenberger, 2000; Cepeda et al., 2001; Mayr, 2001; Kray, 2006;
Gajewski et al., 2010b).

Some studies investigated intraindividual variability in speed
performance as it has been shown that the variability is a valid
behavioral indicator of neuronal integrity, which is declined in
age (Hultsch and MacDonald, 2004). Thus, beside reaction times
and error rates we analyzed this parameter to obtain possible
training-related decrease of intra-personal variability (Ram et al.,
2005).
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Event-related potentials (ERPs) offer additional insights in the
electrophysiological mechanisms underlying task switching. As
ERPs have an excellent time resolution, there is the possibility
to analyze each sub-process involved in task switching. In the
present study we focused on controlled and executive processes
in task switching, namely response selection and error detection.
In particular, we analyzed response selection as reflected in the N2
(Ritter et al., 1979, 1982, 1983; Towey et al., 1980; Gajewski et al.,
2008, 2010a, 2011) and error detection as reflected in the Ne or
ERN (Falkenstein et al., 1991; Gehring et al., 1993; Band and Kok,
2000; Falkenstein et al., 2000, 2001; Kolev et al., 2005). In addition
the P3b was analyzed as a classical measure of working mem-
ory resources or more generally the processing capacity (Donchin,
1981; Donchin and Coles, 1988; Kok, 2001; Polich, 2007; Gajewski
et al., 2010b; Gajewski and Falkenstein, 2011b).

As it has been shown that electrophysiological brain activ-
ity is enhanced by short-term training in different domains,
we assume that some of the functions reflected in the ERPs
will also be improved by a long-term cognitive and/or physi-
cal training. Thus, the electrophysiological markers should help
to differentiate which processes are changed due to training and
which are not. In particular, we expect enhancement of process-
ing capacity as reflected in the P3b and response selection as
reflected in the N2. Moreover, a more efficient response selec-
tion may also improve error detection, which should be reflected
in an increase of the error negativity (Ne). Consequently, per-
formance improvements on behavioral level should be appar-
ent in lower mixing and/or switch costs, in speed and/or accu-
racy, as previously shown (Karbach and Kray, 2009). An addi-
tional performance parameter reflecting the efficiency of task-
related processing is the intraindividual variability of reaction
times. A reduced variability of speed is assumed to reflect an
increased coherence of neuronal processing (Hultsch and Mac-
Donald, 2004), which appears in a more precise timing of response
selection.

Since cognitive stimulation may also be induced by social inter-
actions within a group, we included in the design two control
groups: a social control group without cognitive demands in
the contents, and a passive control group without group con-
tact. To this end, 152 participants were randomly assigned to
one of four groups: physical training, cognitive training, relax-
ation training (social control), and passive control (no-contact)
group. Participants were trained for 4 months, two times per week,
and 90 min per session. The cognitive training group received
a multidomain paper and pencil and PC-based training, which,
however, did not include a task switching training. The cogni-
tive training was combined from cheap or freely available train-
ing packages. The physical training group received a multido-
main, circular cardiovascular, strength, and aerobic training. The
relaxation group conducted easy stretching, relaxation exercises,
and autogenic training that were cognitively non-demanding,
while the passive control group did not receive any interven-
tion but was simply measured with respect to cognitive functions
at about the same time as the active groups. In summary, all
three active groups received a multifaceted physical or cogni-
tive or wellness training, while the no-contact group received no
intervention.

MATERIALS AND METHODS
PARTICIPANTS
Participants were recruited through a number of newspaper adver-
tisements and flyers distributed in the city of Dortmund (Ger-
many). Participants were included in the study after meeting some
criteria inquired by a telephone interview. They should be 65 or
older, physically and mentally fit, living independently and self-
paced (no nursing home), and having sufficient or corrected visual
and auditory acuity. Exclusion criterions were: history of cardio-
vascular, psychiatric, neurological, motor or oncologic diseases,
and psychopharmacologic or hormonal therapy. Moreover, par-
ticipants were not included if they already did train physically
(jogging, walking, swimming, dancing, fitness center) or cogni-
tively (e.g., memory training) more than 1.5 h weekly. Finally, they
were asked whether they planned some travels or other activities in
the next 6 months that would avoid regular training participation.
Four hundred sixty-seven telephone interviews were completed,
152 persons met the criteria and were included in the study.
Eleven participants dropped out during the study. Consequently,
141 participants constituted the final sample (Table 1).

The participants received 100 Euro at the end of the study to
compensate their travel expenses. The study was approved by the
local ethics committee of the Leibniz association and its accor-
dance with the declaration of Helsinki. The scope of the study
was explained to all participants and they were given a written
informed consent before any study protocol was commenced.
The groups were comparable in all socio-demographic, cogni-
tive, personality, and physical variables presented in Table 1 as
no significant differences were found.

TRAININGS
Participants were randomly assigned to one of four groups: physi-
cal, cognitive, and relaxation training and a control group. Partic-
ipants were trained for 4 months, two times per week and 90 min
per session. All trainings were supervised by professional trainers.

Physical training consisted of cardiovascular, aerobic, and
strength exercises which were done to the same amount within
each session. The cardiovascular training was conducted using
treadmills, bicycle ergometers, and cross trainers which included
pulse meters in order to control the heart function permanently.
The aerobic exercises consisted of a number of easy step and
floor movement sequences. The muscular strength exercises were
conducted using strength machines as a combination of eight dif-
ferent sets which were repeated in 3 × 15 series by performing
oppose muscle contraction. These exercises aimed at strengthen-
ing skeletal muscles and increasing the metabolism. Intensity of
the training units was continuously increased but regarded the
individual capability of the participants.

The multidomain cognitive training included paper and pencil
and PC-based exercises. In the first 4 weeks the “Mental Activa-
tion Training” (MAT; Lehrl et al., 1994) and sudoku were used.
Additionally, in the first eight sessions participants without any
PC-experience were made step by step familiar with the com-
puter handling. In the following weeks, the participants exercised
using selected commercial and non-commercial internet-based
software. The difficulty level of the exercises was continuously
adapted to the individual abilities of the participants.
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Table 1 | Socio-demographic characteristics of the whole sample and separated for each experimental (physical, cognitive) and control

(relaxation, no-contact) group.

Total Physical Cognitive Relaxation Control

N 141 35 32 34 40

Age 70.9 (5.2) 71.9 (7.4) 70.9 (4.1) 71.1 (4.5) 69.9 (4.2)

Above 70 (%) 51.4 51.4 53.1 57.1 45.0

SEX (%)

Male 40.1 42.9 37.5 40.0 40.0

FAMILY STATUS

Single (%) 7.0 11.4 15.6 2.9 0.0

Married (%) 52.1 60.0 46.9 57.1 45.0

Divorced (%) 18.3 8.6 25.0 14.3 25.0

Widowed (%) 21.1 17.1 12.5 25.7 27.5

Partnership (%) 1.4 2.9 0.0 0.0 2.5

EDUCATIONAL DEGREE

No degree (%) 2.9 0.0 6.5 2.9 2.6

Primary (%) 37.7 38.2 22.6 52.9 35.9

Secondary general (%) 2.9 5.9 3.2 2.9 0.0

Intermediate secondary (%) 29.0 23.5 41.9 20.6 30.8

Gymnasium (%) 27.5 32.4 25.8 20.6 30.8

Years of occupation 34.2 (12.7) 34.9 (14.2) 35.5 (12.9)* 34.0 (12.1)* 32.7 (11.9)*

MMSE 28.5 (1.7) 28.5 (1.3) 28.8 (1.9) 28.5 (1.6) 28.1 (2.0)

IQ (MWT-B) 116.3 (12.1) 114.6 (10.4) 116.0 (11.3) 116.0 (12.5) 118.2 (13.8)

BDI 5 (3.7) 6.2 (4.4) 4.7 (3.5) 4.7 (3.5) 4.5 (3.3)

NEO-FFI

Neuroticism 17.6 (5.7) 17.6 (6.7) 16.3 (5.5) 18.2 (5.1) 18.4 (5.6)

Extraversion 25.1 (6.2) 24.7 (6.5) 26.7 (6.7) 25.3 (5.0) 24.1 (6.5)

Openess to experience 25.7 (6.8) 25.2 (7.1) 29.3 (5.9) 23.7 (7.0) 25.1 (6.3)

Agreeableness 26.8 (7.5) 27.8 (6.4) 29.0 (8.1) 24.9 (7.6) 26.0 (7.6)

Conscientiousness 30.8 (6.4) 30.6 (6.3) 32.6 (5.7) 30.8 (7.1) 29.5 (6.2)

WHOQOL-BREF

Physical health 16.0 (1.9) 15.7 (2.1) 16.4 (1.6) 15.6 (2.1) 16.3 (1.8)

Psychological 14.5 (1.5) 14.5 (1.4) 14.3 (1.9) 14.2 (1.5) 14.9 (1.1)

Social relationships 14.7 (2.0) 14.6 (2.3) 14.7 (1.9) 14.2 (1.8) 15.1 (1.9)

Environment 16.0 (1.5) 15.5 (1.5) 16.3 (1.6) 15.9 (1.5) 16.3 (1.4)

PHYSICAL ACTIVITY

Strolling (min/week) 174.3 166.1 155.0 172.2 197.8

Dancing (min/month) 36.6 46.8 24.0 33.6 40.2

Bowling (min/month) 21 25.8 17.4 18.6 21

Swimming (min/month) 68.7 73.2 51 100.9 49.7

Walking (min/week) 34.4 24.6 19.2 17.1 69.8

Ergometry (Watt) 96.2 (31.3) 96.1 (32.7) 90.9 (32.4) 102.8 (31.5) 95.0 (29.1)

Body mass index (BMI) 26.6 (4.4) 26.9 (4.3) 26.8 (4.5) 26.6 (4.34) 26.0 (4.5)

No occupation of some participants* n = 31* n = 28* n = 37*

Distribution of some characteristics across the groups is presented in (%), remaining values represent means and standard deviations in parentheses. Mini Mental

State Examination (MMSE; Folstein et al., 1975), Multiple-choice vocabulary test (MWT-B; Lehrl et al., 1995), Becks Depression Inventory (BDI; Beck et al., 1961),

WHO-Quality of Life-BREF (WHOQOL Group, 1998), NEO-FFI (“Big Five” personality factors questionnaire; Costa and McCrae, 1992).

Each session consisted of different exercises that aimed at
training crucial cognitive functions. The exercises mainly trained
perceptual speed, attentional, and mnemonic functions but some
exercises included reasoning or logical thinking. A detailed
description of all used exercises and a schedule of the training
program are given in the Appendix.

No explicit task switching exercise was included in this pro-
gram. Two extra sessions were offered at the end of the program
for those participants who missed the regular sessions. The par-
ticipants were not encouraged to exercise outside the training
sessions but to continue the training at home after the study was
finished.

Frontiers in Human Neuroscience www.frontiersin.org May 2012 | Volume 6 | Article 130 | 4

http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive


Gajewski and Falkenstein Neurocognitive effects of training in aging

The relaxation group received a relaxation training consisting
of autogenic training, progressive muscle relaxation, back training,
breathing exercises, massage, and Qigong. The aim of this training
was to provide interesting and varied exercises, which did hardly
require, and hence should not train, cognitive functions.

TESTING
Participants completed several questionnaires at home which they
brought to the test session. During the testing a number of paper
and pencil and computerized psychometric tasks were applied.

STIMULI AND TASKS
Stimuli consisted of the digits 1–9, excluding the number 5. The
digits were white presented on a black computer screen 3 mm
above the white fixation point (10 mm diameter). Each digit was
either small (7 mm × 10 mm) or large (12 mm × 18 mm). A cue
stimulus (16 mm × 32 mm) indicating the relevant task was pre-
sented 3 mm below the fixation point. The cue “NUM” (German
“Numerisch,” numeric) indicated a numerical task (greater or less
than 5), “GER” (German “Geradzahligkeit,” parity) the parity task
(odd vs. even), “SCH” (German “Schrift,” font) the font-size task
(small vs. large).

Responses consisted of pressing one of two buttons which were
mounted in a response box. The buttons should be pressed with
the index fingers.

The stimulus–response mapping of the three tasks was over-
lapping, that is, responses according to “smaller than five,” “even,”
and “small size” were assigned to the left key and “larger than
five,” “odd,” and “large size” to the right key. This assignment was
counterbalanced across participants.

PROCEDURE
A schematic example of a trial is shown in Figure 1.

A trial started with a presentation of the fixation point. A cue
stimulus that indicated the relevant task in advance was presented
for 1300 ms which remained visible when the digit was presented.
A response had to be given within 2500 ms after target onset. Five
hundred milliseconds after the response a feedback was displayed
for 500 ms. In case of a correct response a plus sign, after a wrong
response a minus sign was displayed. The response–cue interval
(RCI) was set to 1000 ms and included the response-feedback delay
and the feedback.

At the beginning of the session participants performed three
single task blocks with a fixed task NUM, GER, and SCH con-
sisting of 34 trials each. Afterward, the participants performed an
exercise block with 16 trials including all three tasks, followed by
the mixed block (124 trials). The frequency of task switch in the

FIGURE 1 | Schematic illustration of a trial.

cue-based block amounted to 50%. The order of the trials was
random. The participants were given a written instruction that
explained the task. The instruction encouraged quick and accurate
responses.

ERP RECORDINGS
EEG was recorded continuously from 32 scalp electrodes accord-
ing to the extended 10–20 system (Jasper, 1958) and mounted on
an elastic cap. The montage included 8 midline sites and 12 sites
on each hemisphere and two mastoid electrodes (M1 and M2).
The EEG was re-referenced offline to linked mastoids. The hori-
zontal and vertical EOG was recorded bipolarly from electrodes at
both eyes. Eye movement artifacts were corrected using the cor-
rection algorithm of Gratton et al. (1983). Electrode impedance
was kept below 10 kΩ. The amplifier bandpass was 0.01–140 Hz.
EEG and EOG were sampled continuously with a rate of 2048 Hz.
Offline, the EEG was downscaled to a sampling rate of 1000 Hz and
cut in stimulus-locked epochs by using the software Vision Ana-
lyzer (Brain Products, Munich). Epochs in which the amplitude
exceeded ±150 μV were rejected. The ERPs were filtered digitally
offline with a 17 Hz low and 0.05 Hz high pass.

DATA ANALYSIS
The first trial of each test block, trials with responses faster than
100 ms or slower than 2500 ms, as well as error trials, were excluded
from the RT analysis. Mean RTs, standard deviations of RTs as
an index of intraindividual variability of speed (ISDs) and mean
error rates were subjected to two ANOVA designs assessing mix-
ing and local effects. The first design included two within-subject
factors BLOCK (single, mixed), SESSION (pre-measure: t 1 vs.
post-measure: t 2) and the between-subject factor GROUP (phys-
ical, cognitive, relaxation, control). The second design included
the factors TASK SET TRANSITION (non-switch, switch), SES-
SION (t 1 vs. t 2) and the between-subject factor GROUP (physical,
cognitive, relaxation, control).

Mixing costs were computed by subtracting mean performance
of the single task blocks from the performance in non-switch
trials of the mixed block. Local switch costs were computed by
subtracting non-switch from switch trials of the mixed block.

In case of a significant interaction, a follow-up analysis was
conducted. In the next step difference scores (t 2–t 1) were com-
puted and a pre-specified a priori contrasts were conducted on
those differences to determine group effects in training-induced
improvements. To this end, we contrasted (1) the control group
against the other three groups, (2) the physical and cognitive train-
ing groups against the relaxation group, (3) the physical against the
cognitive group, (4) the physical against the relaxation group, (5)
the cognitive against the relaxation group, (6) the physical against
the no-contact group, and (7) the cognitive against the no-contact
group. Note the t -values can be either negative or positive depend-
ing on a specific difference between the t 2 and t 1 scores which are
usually negative due to shorter RTs and lower error rates at t 2 than
at t 1.

The ERP analysis was restricted to the midline electrodes (FCz,
Cz, CPz, and Pz) as the N2, P3b, and Ne are usually maximum at
these electrodes.
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Peak amplitudes and latencies of transient components were
measured at their local maximal or minimal amplitudes in pre-
defined time windows. In the target-locked ERPs the N2 was
measured as the most negative peak at FCz and Cz in the time
range 200–400 ms after target onset. The P3b was measured as the
most positive peak at CPz and Pz in the time range 300–600 ms
after target onset. These post target ERPs were measured rela-
tive to 100 ms pre-target baseline. The error negativity (Ne/ERN)
and the correct response negativity (Nc/CRN) were measured at
FCz in the time range of 0–200 ms after an incorrect resp. correct
response relative to 100 ms pre-response interval. The Ne and Nc
were analyzed in the mixed block pooled for both types of task set
transition (non-switch vs. switch).

The ERP analysis of mixing effects included following factors:
BLOCK (single, mixed), SESSION (t 1, t 2), GROUP (physical, cog-
nitive, relaxation, control), and ELECTRODE. Local effects were
analyzed by including following factors TASK SET TRANSITION
(non-switch, switch), SESSION, GROUP, and ELECTRODE. In
each of the omnibus ANOVAs conducted for each ERP parameter
we included the factor ELECTRODE and reported the topograph-
ical results only when a significant interaction with mixing or
local effects occurred. Otherwise, the most negative or positive
amplitude of components reached at a particular electrode posi-
tion, confirmed by a significant effect of ELECTRODE, indicated
the site at which the follow-up analysis was conducted. Simi-
larly to the follow-up analysis of behavioral data, we analyzed the
above-mentioned pre-defined contrasts.

RESULTS
BEHAVIORAL DATA
Reaction times
Table 2 presents the mean reaction times, error rates, and
intraindividual variability expressed in standard deviation for all
groups and both sessions. Figure 2 shows mixing costs (non-
switch–single task), and local costs (switch–non-switch) in speed,
intraindividual variability of speed and accuracy.

For the analysis of response times, error trials (10.2%) and
outliers (5.8%) were discarded.

ANOVA assessing mixing effects in mean RTs revealed a main
effect of SESSION [F(1, 137) = 27.5, p < 0.001, η2 = 0.167], sug-
gesting faster responses at t 2 (771 ms) than t 1 (814 ms) across all
groups. There were reliable mixing costs, resulting from a main
effect of BLOCK [F(1, 137) = 574.9, p < 0.001, η2 = 0.808] with
longer RTs in non-switch trials in the mixed than in the sin-
gle task block (956 vs. 628 ms). Moreover, SESSION interacted
with BLOCK [F(1, 137) = 17.1, p < 0.001, η2 = 0.111], showing
reduced mixing costs at t 2 (300 ms) compared to t 1 (356 ms).
There were no main effect or interactions including the factor
GROUP in RTs (all Fs < 1). No significant contrasts were found.

Analysis of the intraindividual variability of speed indexed
by standard deviations showed a significant effect of SESSION
[F(1, 137) = 22.9, p < 0.001, η2 = 0.143], indicating reduced SDs
at t 2 (262 ms) relative to t 1 (282 ms), an effect of BLOCK
[F(1, 137) = 1376.1, p < 0.001, η2 = 0.909], suggesting consider-
ably higher SDs in mixed than single task block (392 vs. 153 ms).
Furthermore, there was an interaction SESSION × GROUP [F(3,
137) = 5.1, p < 0.005, η2 = 0.102] as well as a strong trend for

Table 2 | Mean reaction times, error rates and individual standard

deviations (with standard deviations in parentheses) for single,

non-switch and switch trials for the pre- and postmeasure for each

group.

Physical Cognitive Relaxation Control

REACTIONTIMES (ms)

Pretest

Single task 642 (88) 622 (81) 639 (96) 637(94)

Non-switch 1025 (264) 984 (210) 1010 (182) 951 (244)

Switch 1205 (310) 1107 (230) 1135 (222) 1058 (285)

Posttest

Single task 627 (79) 600 (116) 632 (111) 623 (101)

Non-switch 959 (217) 873 (253) 938 (207) 912 (257)

Switch 1071 (276) 964 (283) 1033 (262) 1000 (287)

INDIVIDUAL STANDARD DEVIATIONS (ms)

Pretest

Single task 149 (42) 162 (55) 164 (62) 153 (51)

Non-switch 399 (101) 431 (88) 412 (88) 395 (113)

Switch 466 (103) 469 (104) 458 (88) 420 (119)

Posttest

Single task 149 (35) 142 (59) 158 (56) 148 (50)

Non-switch 394 (87) 348 (101) 385 (75) 371 (101)

Switch 426 (104) 393 (115) 403 (104) 386 (112)

ERROR RATES (%)

Pretest

Single task 1.2 (1.4) 2.6 (2.7) 2.5 (2.2) 2.9 (5.7)

Non-switch 18.1 (12.6) 17.4 (14.2) 18.4 (13.1) 13.0 (11.3)

Switch 21.0 (18.5) 19.5 (18.5) 20.7 (14.2) 15.6 (11.8)

Posttest

Single task 1.2 (1.4) 1.9 (1.7) 2.6 (4.8) 2.5 (3.4)

Non-switch 13.8 (12.1) 8.5 (10.1) 12.6 (10.8) 13.2 (12.8)

Switch 16.8 (17.4) 10.0 (13.7) 14.5 (12.3) 14.7 (15.1)

a SESSION × GROUP × BLOCK interaction [F(3, 137) = 2.7,
p = 0.054,η2 = 0.054]. In order to resolve these interactions effects
of SESSION and BLOCK were investigated for each group sep-
arately. A reliable main effect of SESSION was found in the
cognitive group only [F(1, 31) = 20.1, p < 0.001,η2 = 0.393], indi-
cating reduced RT-variability after cognitive training. Moreover,
the interaction SESSION × BLOCK [F(1, 31) = 12.6, p < 0.001,
η2 = 0.290] suggested that this reduction was mainly due to the
mixed (431 vs. 348 ms, F(1, 31) = 20.8, p < 0.001, η2 = 0.402)
rather than the single task block [162 vs. 142 ms, F(1, 31) = 4.2,
p < 0.05, η2 = 0.120]. No significant reduction of intraindividual
variability was found in the remaining groups.

Finally, a priori contrasts revealed a reduction of intrain-
dividual variability in speed between t 1 and t 2 in the cogni-
tive relative to physical [t (137) = −2.65, p < 0.01], no-contact
[t (137) = 2.10, p < 0.05] and tendentially relative to the relaxation
group [t (137) = 1.92, p = 0.057].

Regarding local effects, ANOVA yielded a main effect of TASK
SET TRANSITION [F(1, 137) = 218.6, p < 0.001, η2 = 0.615],
reflecting reliable local switch costs in mean RTs (956 vs. 1072 ms,
for non-switch and switch trials, respectively) and a main effect
of SESSION [F(1, 137) = 33.0, p < 0.001, η2 = 0.194], indicating
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FIGURE 2 | Mixing costs (left) and local costs (right) expressed as the mean reaction times (RT), mean standard deviations (SD), and mean error rates

(ERR) for pre- and post-test and each group. The error bars reflect standard deviation.

reduced RTs at t 2 (969 ms) relative to t 1 (1059 ms). Moreover, local
switch costs were smaller at t 2 than t 1 as reflected in an inter-
action TASK SET TRANSITION × SESSION [F(1, 137) = 10.4,
p < 0.005, η2 = 0.078]. However, no main effect of GROUP [F(1,
137) = 1.3, p = 0.33] nor interactions with GROUP were found.

Analysis of the SDs yielded a main effect of TASK SET
TRANSITION [F(1, 137) = 59.6, p < 0.001, η2 = 0.303], suggest-
ing higher variability in task switch than non-switch trials (428
vs. 392 ms) and a main effect of SESSION [F(1, 137) = 36.9,

p < 0.001, η2 = 0.212] due to a variability reduction from t 1 to
t 2 (431 vs. 388 ms). Furthermore, there was a trend for a reduc-
tion of local costs in SDs from 44 ms in t 1 to 27 ms in t 2 [F(1,
137) = 3.9, p = 0.051,η2 = 0.027]. Finally, there was an interaction
SESSION × GROUP [F(3, 137) = 3.1, p < 0.05, η2 = 0.062], indi-
cating a reduction of the SD from t 1 to t 2 in the cognitive [450
vs. 370 ms; F(1, 31) = 21.3, p < 0.001, η2 = 0.432], relaxation [435
vs. 394 ms; F(1, 33) = 8.5, p < 0.01, η2 = 0.205], and no-contact
[408 vs. 378 ms; F(1, 39) = 5.8, p < 0.05, η2 = 0.131] but not
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in the physical group [433 vs. 410 ms; F(1, 34) = 2.7, p = 0.10,
η2 = 0.076]. However, the planned contrasts revealed no signifi-
cant local effects, suggesting a similar reduction of intraindividual
variability between t 1 and t 2 in speed in all groups.

Error rates
Analysis of mixing effects in mean error rates yielded a main
effect of BLOCK [F(1, 137) = 182.0, p < 0.001, η2 = 0.571] with
higher error rates in the mixing (14.4%) than in the sin-
gle task block (2.2%). The error rates were generally reduced
from pre- to post-measure resulting in a main effect of SES-
SION [F(1, 137) = 26.4, p < 0.001, η2 = 0.162]. BLOCK and
SESSION interacted significantly [F(1, 137) = 21.5, p < 0.001,
η2 = 0.136], suggesting reduced mixing costs in accuracy at
t 2 (2.0 and 12.0%) relative to t 1 (2.3 and 16.7%, for sin-
gle task and non-switch trials, respectively). No main effect of
GROUP was found [F(1, 137) < 1]. However, significant interac-
tions SESSION × GROUP [F(3, 137) = 4.1, p < 0.01, η2 = 0.082]
and BLOCK × SESSION × GROUP [F(3, 137) = 4.2, p < 0.01,
η2 = 0.084] were found. To resolve this result pattern the
BLOCK × SESSION interaction was analyzed for each group sep-
arately. The physical group reduced their errors from t 1 to t 2
[9.7 vs. 7.5%; F(1, 34) = 8.8, p < 0.01, η2 = 0.205]. This reduc-
tion was larger in the mixed (18.1 vs. 13.8%) than the single
task block (1.3 vs. 1.2%), resulting in an interaction of both fac-
tors [F(1, 34) = 8.6, p < 0.01, η2 = 0.202]. Similarly, the cognitive
training group reduced their errors rates from 10.1% before to
5.2% after the training [F(1, 31) = 18.9, p < 0.001, η2 = 0.379].
This reduction was again larger in the mixed (17.5 vs. 8.5%) than
in the single task block (2.6 vs. 2.0%), as shown in an interac-
tion BLOCK × SESSION [F(1, 31) = 11.9, p < 0.005, η2 = 0.277].
The relaxation group also improved accuracy from t 1 to t 2 [10.5
vs. 7.6%; F(1, 33) = 7.1, p < 0.05, η2 = 0.178] in mixed (18.4 vs.
12.6%) but not in the single task block (2.5 vs. 2.7%) as indicated
by the interaction BLOCK × SESSION [F(1, 33) = 7.5, p < 0.01,
η2 = 0.186]. In contrast, no changes from t 1 to t 2 were observed
in the no-contact group (both Fs < 1).

A priori contrasts showed that the three training groups
reduced mixing costs in accuracy more than the no-contact group
[t (137) = 3.25, p < 0.001]. There was also a trend for a reduc-
tion of mixing costs after the physical and cognitive trainings
relative to the relaxation training [t (137) = 1.90, p = 0.059] and
a clear reduction of mixing costs after cognitive training rel-
ative to the no-contact group [t (137) = 3.35, p < 0.001]. The
contrast between the physical and cognitive group did not reach
significance [t (137) = −1.46, p = 0.146].

Regarding local effects, ANOVA revealed an effect of TASK SET
TRANSITION by higher error rates in task switch than non-switch
trials [16.6 vs. 14.4%; F(1, 137) = 17.9, p < 0.001, η2 = 0.116].
These costs did not vary as a function of SESSION or GROUP. A
main effect of SESSION [F(1, 137) = 27.2, p < 0.001, η2 = 0.165]
indicated lower error rates at t 2 than t 1 (13.0 vs. 18.0%). More-
over, SESSION interacted with GROUP [F(3, 137) = 3.9, p < 0.01,
η2 = 0.079]. Analyses conducted for each group separately showed
effect of SESSION only, i.e., reduction of error rates between t 1
und t 2 in the physical [19.5 vs. 15.3%; F(1, 34) = 5.5, p < 0.05,
η2 = 0.141], cognitive [18.5 vs. 9.3%; F(1, 31) = 12.0, p < 0.005,

η2 = 0.279] and relaxation group [19.5 vs. 13.6%; F(1, 33) = 10.7,
p < 0.005, η2 = 0.245], whereas, again no effect was found in the
no-contact group (F < 1).

The contrasts confirmed the reduction of error rates in the
three training groups relative to the no-contact group in non-
switch [t (137) = 3.37, p < 0.001] and switch trials [t (137) = 2.26,
p < 0.05] and a stronger reduction of error rates in the physical
and cognitive groups than in the relaxation and no-contact groups
for non-switch trials [t (137) = 2.16, p < 0.05]. Finally, cognitive
training group improved the accuracy relative to the no-contact
group both in non-switch [t (137) = 3.69, p < 0.001] and switch
trials [t (137) = 2.70, p < 0.01].

In summary, mixing costs in mean RTs were not differently
reduced between the groups from pre to post session. How-
ever, intraindividual variability of speed was reliably reduced after
cognitive training relative to the other groups. Mixing costs in
accuracy were reduced in the three training groups relative to the
no-contact group, but the difference to the no-contact group was
only significant for the cognitive training group. There were no
group specific effects of local costs in reaction times and intraindi-
vidual RT-variability. However, the three training groups enhanced
the accuracy after training but a reliable improvement relative to
the no-contact group was again found for the cognitive training
group only.

ERP DATA
Target-locked ERPs are showed in Figure 3. In the task implemen-
tation phase the N2 and P3b were analyzed. The peak amplitudes
of N2 and P3b are depicted in Figures 4 and 5.

N2
Mixing effects
The N2 was analyzed as a function of BLOCK (single, mixed),
SESSION (t 1, t 2), GROUP, and ELECTRODE (FCz, Cz). The
ANOVA revealed a main effect of BLOCK [F(1, 137) = 66.01,
p < 0.001, η2 = 0.325], suggesting a more pronounced N2 in the
single (−0.8 μV) than in the non-switch trials of the mixed block
(0.6 μV) and a main effect of ELECTRODE [F(1, 137) = 34.24,
p < 0.001, η2 = 0.200] that was due to a more negative N2 at Cz
(−0.4 μV) than FCz (0.2 μV). No effects or interactions including
SESSION or GROUP factors were found.

Local effects
ANOVA yielded a significant main effect ELECTRODE [F(1,
137) = 20.80, p < 0.001, η2 = 0.132] indicating again a more pro-
nounced N2 at Cz (0.4 μV) than FCz (0.9 μV). Importantly,
there was an interaction SESSION × GROUP [F(1, 137) = 2.98,
p < 0.05, η2 = 0.061] and SESSION × GROUP × ELECTRODE
[F(1, 137) = 3.87, p < 0.01, η2 = 0.078]. In order to resolve this
interaction follow-up analyses were conducted for each elec-
trode separately. For FCz no effects or interaction were found.
However, at Cz the N2 was more negative at t 2 (0.2 μV) rel-
ative to t 1 (0.6 μV) resulting in an effect of SESSION [F(1,
137) = 4.72, p < 0.05, η2 = 0.033). Moreover, SESSION interacted
with GROUP [F(3, 137) = 4.82, p < 0.005, η2 = 0.096]. This pat-
tern indicated a more negative N2 in the cognitive group after the
training than before [−0.8 vs. 0.3 μV; F(1, 31) = 9.18, p < 0.005,
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FIGURE 3 |Target-locked ERP – waveforms in correct trials as a

function of the three trial types (single task, non-switch and switch

trials) and the pre- (t1; solid) and post-measure (t2; dotted) for each

group at electrode Cz. The distribution of the N2 and P3b is visualized in
form of topographical maps that illustrate the current densities at 320 ms
for the N2 and at 520 ms for the P3b. Dashed line indicates target onset.
Negativity is plotted upward.

η2 = 0.229] whereas no effect of SESSION was obtained in the
other training groups (all Fs < 1).The no-contact group even
showed a opposite pattern, i.e., a less negative N2 at t 2 than t 1 [0.6
vs. 0.1 μV; F(1, 39) = 5.00, p < 0.05, η2 = 0.114]. The N2-effect in
the cognitive training group was only tendentially significant in
the non-switch trials [0.0 vs. −0.8 μV; F(1, 31) = 3.55, p = 0.06,
η2 = 0.103] while there was a highly significant N2 enhancement
in the switch trials [0.6 vs. −0.8 μV; F(1, 31) = 12.59, p < 0.001,
η2 = 0.289], for t 1 and t 2, respectively.

For non-switch trials, the contrasts conducted for the differ-
ence t 2–t 1 at Cz revealed an N2 increase in all training groups vs.
the no-contact group [t (137) = 1.98, p < 0.05] and an increase of
the cognitive vs. the no-contact group [t (137) = 2.15, p < 0.05]. In
task switch trials the contrast between all training groups and the
no-contact group was also significant [t (137) = 3.38, p < 0.001] as
well the contrast between the physical and cognitive groups versus
the relaxation and no-contact groups [t (137) = 3.39, p < 0.001]
due to higher N2 in the training groups. Finally, the N2 after cogni-
tive training was reliably enhanced relative to the relaxation group

[t (137) = 2.35, p < 0.05] and the no-contact group [t (137) = 4.02,
p < 0.001]. The contrast between physical and cognitive group did
not reach significance [t (137) = −1.59, p = 0.11].

Summarizing, the N2 was substantially increased after cognitive
training primarily in task switch trials. Between-group contrasts
supported the N2 increase in the cognitive group relative to the
relaxation and no-contact groups.

P3b
Mixing effects
For the P3b measured at CPz and Pz the ANOVA showed a
main effect of BLOCK [F(1, 137) = 187.83, p < 0.001, η2 = 0.578]
which resulted in a substantially larger P3b in the single
than mixed block (9.2 vs. 6.3 μV) and an effect of SES-
SION, indicating higher amplitude at t 2 vs. t 1 (8.1 vs. 7.4 μV;
F(1, 137) = 14.44, p < 0.001, η2 = 0.095). Moreover, there was
an interaction SESSION × GROUP [F(3, 137) = 2.81, p < 0.05,
η2 = 0.058] and BLOCK × SESSION × GROUP × ELECTRODE
[F(3, 137) = 2.79, p < 0.05, η2 = 0.058]. To resolve this pat-
tern, we analyzed the effect of BLOCK, SESSION and ELEC-
TRODE for each group separately. A main effect of SESSION
[F(1, 31) = 17.18, p < 0.001, η2 = 0.357] and an interaction
BLOCK × SESSION × ELECTRODE [F(3, 31) = 7.32, p < 0.01,
η2 = 0.191] were found for the cognitive group only. Investi-
gating the electrodes separately, the effect of SESSION indicat-
ing increased P3b at t 2 vs. t 1 was significant at CPz (8.3 vs.
6.7 μV; F(1, 31) = 15.94, p < 0.001, η2 = 0.340 and Pz (8.5 vs.
7.1 μV; F(1, 31) = 14.32, p < 0.001, η2 = 0.317). No interaction
SESSION × BLOCK was found. In other words, the P3b was
enhanced after the cognitive training both in single task as well
as non-switch trials of the mixed task block.

For single task blocks the planned comparisons for the P3b at
CPz revealed a larger increase for the cognitive vs. the physical
group [t (137) = 3.05, p < 0.005], and tendentially for the cogni-
tive vs. the relaxation group [t (137) = −1.96, p = 0.052] and the
cognitive vs. the no-contact group [t (137) = −1.84, p = 0.067].

In the non-switch trials of the mixed block there was
an slightly enhanced P3b in the cognitive group, indicated
by the trend for the contrast cognitive vs. no-contact group
[t (137) = −1.87, p = 0.063]. This contrast reached significance at
Pz [t (137) = −1.98, p < 0.05]. No further effects were obtained.

LOCAL EFFECTS
The ANOVA investigating the impact of training on the P3b
as a function of local effects revealed an effect of SESSION
[F(1, 137) = 6.05, p < 0.05, η2 = 0.042] and an interaction SES-
SION × GROUP × TASK SET TRANSITION × ELECTRODE
[F(3, 137) = 2.77, p < 0.05, η2 = 0.057]. To resolve this interac-
tion, we firstly conducted ANOVAs for each electrode separately.
At CPz again an effect of SESSION [F(1, 137) = 6.29, p < 0.05,
η2 = 0.043] was found, suggesting generally slightly enhanced P3b
at t 2 vs. t 1 (6.4 vs. 5.9 μV). Moreover, an interaction SESSION ×
GROUP occurred [F(3, 137) = 3.77, p < 0.05, η2 = 0.076] that
implied a different pattern of the P3b in the four groups. At Pz no
effects or interactions were found. Thus, in the next step ANOVAs
were conducted for each group at CPz: for the physical group an
interaction SESSION × TASK SET TRANSITION was significant
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FIGURE 4 | Mean peak amplitudes of the N2 at Cz as a function of the trial type (single task, non-switch and switch trials), session (pre vs. post) and

group. The error bars reflect standard deviation (SD).

[F(1, 34) = 4.57, p < 0.05, η2 = 0.119], suggesting a reduction of
the P3b in switch trials between t 1 and t 2 (7.1 vs. 6.4 μV) and
an unchanged amplitude in non-switch trials (6.8 vs. 6.4 μV). For
the cognitive group there was a main effect of SESSION [F(1,
31) = 6.60, p < 0.05, η2 = 0.176] indicating a generally increased
P3b after training (5.3 vs. 6.5 μV).

The contrasts conducted for switch trials of the mixed block
at CPz revealed a P3b enhancement from t 1 to t 2 in the phys-
ical, cognitive and relaxation groups vs. the no-contact group
[t (137) = −1.97, p < 0.05], a stronger amplitude increase in the
cognitive than physical group [t (137) = 2.64, p < 0.01] and a trend
for larger P3b after training in the cognitive than in the relaxation
group [t (137) = −1.74, p = 0.078].

In summary, the P3b was generally enhanced after cognitive
training in both single task and mixed blocks. In the physical group
a switch specific reduction of the P3b relative to non-switch trials
was found after training.

Ne
The response-locked ERPs for the error trials are depicted in
Figure 6. The peak amplitude of the Ne collapsed across switch
and non-switch trials is presented in Figure 7.

The analysis of the Ne at FCz for the mixed block revealed a
main effect of SESSION [F(1, 137) = 4.08, p < 0.05, η2 = 0.029]
and an interaction SESSION × GROUP [F(3, 137) = 4.45,
p < 0.005, η2 = 0.089]. In the next step the effect of SESSION was
analyzed for each group separately: an increase of the Ne ampli-
tude between t 1 and t 2 was found in the cognitive group only
[−4.2 vs. −8.1 μV; F(1, 31) = 8.48, p < 0.01, η2 = 0.215].

Planned comparisons between the groups for the t 2–t 1 differ-
ence showed a substantially higher Ne in the cognitive training
group for the contrasts: physical and cognitive vs. relaxation and
no-contact group [t (137) = 2.03, p < 0.05], physical and cognitive
vs. relaxation group [t (137) = −2.27, p < 0.05] and for all individ-
ual contrasts between the cognitive group and the other groups:
cognitive vs. physical [t (137) = −2.91, p < 0.005], cognitive vs.
relaxation [t (137) = 2.38, p < 0.05], and cognitive vs. no-contact
group [t (137) = 3.39, p < 0.001].

Nc
The analysis of the negative response-locked potential recorded
in correct responses, the Nc measured at FCz revealed no effect
of SESSION [F(1, 137) = 2.85, p = 0.09, η2 = 0.020], GROUP and
no interaction SESSION × GROUP (both Fs < 1).
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FIGURE 5 | Mean peak amplitudes of the P3b at Pz as a function of the

trial type (single task, non-switch and switch trials), session (pre vs.

post) and group. The error bars reflect standard deviation (SD).

In summary, error monitoring indexed by the Ne was strongly
enhanced after cognitive training only, whereas no significant
changes of the correct response negativity Nc were found.

RELATIONSHIP BETWEEN ERP AND BEHAVIORAL RESULTS
The N2 latency at Cz correlated with RTs in the correspond-
ing conditions at t 1 in single (r = 0.33, p < 0.001) and switch
trials (r = 0.27, p < 0.001). The correlations were more con-
sistent at t 2 (single: r = 0.43, p < 0.001; non-switch: r = 0.39,
p < 0.001; and switch trials: r = 0.33, p < 0.001). Moreover, the
N2 latency also correlated with error rates at t 1 in switch trials
(r = 0.25, p < 0.005) and again more consistently at t 2 (single:
r = 0.16, p < 0.05; non-switch: r = 0.33, p < 0.001; and switch
trials: r = 0.28, p < 0.001).

The N2 latency vs. RT correlations were absent in the physi-
cal group but remained stable in the cognitive group at t 1 (single:
r = 0.49, p < 0.001; non-switch: r = 0.35, p < 0.05) and more con-
sistently at t 2 (single: r = 0.54, p < 0.001; non-switch: r = 0.53,
p < 0.001; and switch trials: r = 0.36, p < 0.05). For the relax-
ation group for switch trials only at t 1 (r = 0.57, p < 0.001)
and t 2 (r = 0.35, p < 0.05) and no-contact group at t 1 (single:
r = 0.36, p < 0.05; non-switch: r = 0.47, p < 0.005) and t 2 (sin-
gle: r = 0.47, p < 0.005; non-switch: r = 0.41, p < 0.01; and switch
trials: r = 0.51, p < 0.001).

No correlations between the N2 amplitude and behavioral data
were found.

The Ne amplitude at t 2 was moderately but significantly cor-
related with error rates across all groups (r = 0.20, p < 0.05 and
r = 0.17, p < 0.05) for non-switch and switch trials, respectively.
The Ne latency correlated positively with error rates in the switch
trials only (r = 0.20, p < 0.05).

FIGURE 6 | Error-response-locked ERP – waveforms collapsed across

non-switch and switch trials as a function of pre- (solid) and post-test

(dotted) and participant’s group at FCz. Negativity is plotted upward.

In summary, the N2 latency was consistently correlated with
RTs and accuracy in the whole sample. This relationship remained
stable primarily for the cognitive and non-contact group. The
correlations were enhanced at t 2 relative to t 1. The Ne was
moderately correlated with error rates in the whole sample.

SUBJECTIVE EVALUATION OF TRAINING
In order to assess the subjective benefit, fun, behavioral changes,
and the motivation to continue the training individually, the par-
ticipants filled in a self-made questionnaire after the training was
finished. This also helped to evaluate the training motivation
indirectly. For example, regarding the question “Did you like to
participate in the training?” 97, 92, and 88% of the participants of
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FIGURE 7 | Mean peak amplitude of the error negativity (Ne) collapsed

across non-switch and switch trials as a function of session (pre vs.

post) and group. The error bars reflect standard deviation (SD).

the physical, cognitive and relaxation group, respectively, answered
“Yes.” The question “How much did you benefit from training”
was answered by 85% of the participants of the physical group
“very much” or “much,” whereas 79 and 66% of the participants
of the cognitive and the relaxation training did so. The ques-
tion “Do you feel physically better than before the training?”:
79, 28, and 43% answered “much” or “very much.” The ques-
tion “Do you feel mentally better than before the training?”: 38,
54, and 29% “much” or “very much,” for the physical, the cogni-
tive and the relaxation group, respectively. Finally, the question
“Do you intend to continue the training after the study is fin-
ished?”: 73, 56, and 47% answered “Yes,” and 21, 40, and 41%
“Maybe.”

In summary, the subjects subjectively profited from all three
interventions; the most fun and subjective benefit was experienced
by the participants of the physical training group.

DISCUSSION
The aim of the present study was to investigate neurocognitive
changes in aging due to qualitatively different types of training.
To this end, 141 participants were randomly assigned to four
groups consisting of physical training, cognitive training, relax-
ation training (contact control), and passive (no-contact control)
group. Generally, no group differences were found in mean reac-
tion times neither for mixing nor for local effects. Thus, it appears
that different types of training do not affect reaction times in
seniors at least in the present study. However,more sensitive behav-
ioral parameters were intraindividual variability of speed and error
rates.

In search for differential group effects in mixing costs, the most
consistent benefits were found for the cognitive training group.
In particular, cognitive training led to a substantial reduction of
intraindividual variability of RTs and to a substantial reduction of
mixing costs in accuracy. Regarding local effects we found lower
RT-Variability in speed after training in all groups but the phys-
ical group and reduction of error rates in all groups relative to
the no-contact control group. Yet, the strongest decrease of error
rates was again found for the cognitive training group as indexed
by a reliable contrast between this group and the no-contact
group.

The electrophysiological markers should help to differentiate
between sub-processes that were susceptible to training. Indeed,
the mixing and local improvements in performance were associ-
ated with changes in event-related potentials. Overall, N2, P3b,
and Ne were found to be enhanced after the cognitive training.

Firstly, during task implementation the identified target stim-
ulus has to be associated with a particular task rule that enables
selection of a response. In this phase an enhancement of the fron-
tocentral N2 after cognitive training in the mixing task block was
found. This enhancement in the stimulus-locked averages is not
likely a simple reflection of the enhancement of the Ne in the
response-locked averages (see below), because the N2 was mea-
sured in correct trials only, while the Ne was measured in the error
trials, and no difference was found for the Nc in the response-
locked correct trials. Our previous studies suggest that N2 reflects
the process of response selection which is delayed by conflict or
task set interference (Gajewski et al., 2008, 2010a, 2011). In other
words, the N2 appears to reflect a decision process, as already pro-
posed decades ago (Ritter et al., 1979, 1982; Towey et al., 1980).
Therefore, the increased N2 after cognitive training suggests an
improvement of response selection in general and hence, lower
error rates and less speed variability after the training. This was
supported by positive correlations between N2 latency and RTs
and Ne amplitude and error rates, particularly after the training.
As the N2 increase after cognitive training was related to a decrease
of intraindividual variability of speed, it is plausible to assume that
the lower the variability of the response selection process the lower
the variability in RTs. Thus, the training-induced N2 increase in
the average ERP may not only occur due to an elevation of the N2
amplitude, but also in consequence of a better synchronization of
the N2 with the target and response in every trial, which should
result in a larger component in the average ERP.

Secondly, the P3b was substantially enhanced both in the sin-
gle and mixing blocks in the cognitive training group, suggesting
generally higher available cognitive resources to perform the task
(Kok, 2001), which may also be interpreted as enhanced neuronal
integrity supported by reduced intraindividual variability of RTs.

Regarding local effects, the physical training led to a reduction
of the P3b in switch relative to non-switch trials. This P3b pattern
is usually observed in young subjects during switching tasks (e.g.,
Barceló et al., 2000; Lorist et al., 2000; Rushworth et al., 2002) that
is mainly due to an increased N2 in the switch trials (Gajewski
and Falkenstein, 2011b). However, this pattern was not observed
before the training in the physical training group. The emergence
of this pattern may correspond to the reduction of behavioral local
switch costs after training (see Figures 2 and 3), which were par-
ticularly high at the pre-measure in this group. This suggests that
the cognitive training generally enhanced the processing resources,
resulting in lower global costs, while physical training specifically
improved the switch process, resulting in lower local costs.

Finally, a highly consistent change was observed for the error
negativity (Ne; Falkenstein et al., 1991), which was substantially
increased after cognitive training only. We assume that the increase
of the Ne is mainly a consequence of the improvement of response
selection, as reflected in the enhanced N2. This implies that the
enhanced cognitive resources indexed by the P3b led to a more
efficient activation of stimulus–response associations in terms of
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response selection reflecting in the N2 and higher awareness about
the required response, as reflected in an enhanced Ne.

In sum, the results of the present study suggest that a multi-
layered formal cognitive training consisting of paper and pencil-
and PC-based trainings led to an improvement of response selec-
tion processing capacity and error detection, which have not been
demonstrated in previous studies.

One principal criticism of cognitive trainings is a rather lim-
ited transfer of brain training upon other non-trained functions
or let alone daily life activities. Near transfer and far transfer to
other cognitive functions has been reported when task switching
was trained (Minear and Shah, 2008; Karbach and Kray, 2009).
The present study also demonstrates a far transfer on mixing and
local effects in accuracy, RT-variability, and ERPs, though our
participants did not train task switching per se or other execu-
tive tasks but rather a broad range of basic functions like visual
attention, short-term memory, speed of processing, visuospatial
processing, and vigilance. Hence, the improvements in maintain-
ing and coordinating task sets and selective reduction of error rates
we found for the cognitive training group indicate some far trans-
fer to not explicitly trained functions. However, it is quite possible
that the improvement of performance after cognitive training is
not restricted to the task switching situation. On the contrary, it is
indeed plausible to assume that the improved response selection,
processing capacity and error monitoring enhance performance in
a number of other tasks. This should be tested in future training
studies.

Existing literature showed repeatedly benefits of physical train-
ing on cognitive functions (e.g., Colcombe and Kramer, 2003).
In the present study the physical training group decreased mix-
ing and local costs in errors but this reduction was smaller than
in the cognitive training group. We assume that the relatively
short training duration of 4 months and frequency of two times
per week with 90 min per session, was probably not sufficient to
obtain strong training effects (c.f. Kramer and Erickson, 2007).
This suggests that cognitive and physical training have different
time ranges of efficiency, and future training studies should take
this into account.

Finally, with regard to the relaxation training we included this
group to control a confounding factor like new activity in a social
context. To our knowledge, the prevailing literature reports no
effect of relaxation training on cognitive functions in seniors. Of
course, there is a strong connection between affective and cog-
nitive functions as affective disorders or chronic stress impair
cognitive functions like memory (McEwen, 2007). Thus, reduc-
tion of stress due to relaxation training may improve cognitive
functions. However, as our participants dropped out from work-
ing life, no substantial level of stress was expected which may be
diminished in course of the training. Nevertheless, similar to the
physical and cognitive training groups, participants of the relax-
ation group reduced error rates relative to the no-contact group
but again only if this group was tested together with the other
training groups against the no-contact group. However, simple
contrasts against the no-contact group did not reveal any reliable
differences. The origin of this moderate effect cannot be unequiv-
ocally localized: it could be either due to the training intervention
or was a by-product of a new experience in a social group. At least,

we can clearly exclude the possibility that the improvement was
induced by repeated measurements as no such benefit was found
in the passive control group. Despite this effect, the participants
of the relaxation group did not improve their performance to the
extent of the cognitive training group.

There are some limitations of the study that deserve consider-
ation. Firstly, the sample of the present study was selected from
about 467 volunteers aged about 65. The selection criteria like a
good physical and mental constitution but no regular physical or
mental activity in a sport club or association implies a discrepancy
and induced a selection of relatively fit seniors. Therefore, our
study is not representative for the average population but merely
for a subpopulation of relatively fit persons, regardless of other
sociodemographic variables. Since training effects are most likely
larger for people with lower cognitive and physical status, we prob-
ably underestimated the training effects in the entire population.
In future studies seniors with lower cognitive and physical status
should be trained.

Secondly, as all trainings consisted of a number of sub-trainings
and exercises, the crucial components that may lead to the spe-
cific improvement of performance remain unclear. Moreover, it is
well possible that the three trainings differed in regard to other
components, such as attractivity which may have affected training
motivation. We aimed at creating varying and multilayered train-
ings in order to avoid monotony and to enhance the motivation
for all three active groups but the motivation was not directly
measured. Nevertheless, a post-training questionnaire provides
some information regarding the subjective benefits, fun and the
behavioral changes due to the training and the motivation to con-
tinue the training individually. By tendency, the physical group
experienced qualitatively the most fun and subjective benefits, fol-
lowed by the cognitive and relaxation group. This argues against
motivation as crucial factor for the high benefits in the cognitive
group.

Finally, the reason for the improvements in accuracy and vari-
ability of speed but not in the mean reaction times may be due
to a particular difficult experimental paradigm including three
tasks. The error rates were considerably high at pre-measure,
which allowed enough space for improvement. More extensive
pre-experimental practice would reduce a priori error rates and
possibly reveal effects on reaction times as showed in other studies
(e.g., Karbach and Kray, 2009).

Taken together, results of the present study agree with findings
obtained in other cognitive training studies with young (Kling-
berg et al., 2005; Jaeggi et al., 2008, 2011; Karbach and Kray, 2009)
and older adults (Willis and Schaie, 1986; Willis et al., 2006; Bielak
et al., 2007; Buschkuehl et al., 2008; Li et al., 2008; Dahlin et al.,
2009; Klusmann et al., 2010). We found clear improvements par-
ticularly in accuracy and intraindividual speed variability due to
formal cognitive training and could specify the loci of the train-
ing effects with ERPs. Moreover, our study provides evidence for
some qualitative differences of the effects of physical and cogni-
tive training, which were also supported by electrophysiological
measures. This suggests a promising application of a combined
training that may enhance a large scale of cognitive processing in
older people and hence increase the chance of transfer to daily
activities.
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CONCLUSION
The most consistent behavioral and neuronal changes in our
training study occurred in the cognitive training group, which
showed improvements in maintaining and coordinating multi-
ple task sets indexed by reduced costs in accuracy and lower
RT-variability. This finding was supported by an increased
frontocentral N2, suggesting improved and/or more synchro-
nized response selection and an enhanced P3b, indicating a
better allocation of cognitive resources and higher processing
capacity. Finally, the considerable reduction of error rates in
the mixed block was associated with enhanced error detec-
tion indexed by an increased Ne, which may be a conse-
quence of the improved response selection. These results indicate
that the behavioral improvements are mainly due to improve-
ments in response selection which also leads to better error
detection.

These findings suggest neurocognitive plasticity of aging brains
which can be stimulated not only by aerobic training but also by
broad and multilayered paper and pencil and PC-based cognitive
training, which also transfers to not directly trained functions. To
our knowledge, this is the first study that demonstrates effects of
cognitive training with ERP measures.
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APPENDIX
DESCRIPTION AND SCHEDULE OF EXERCISES INCLUDED IN THE
COGNITIVE TRAINING
The schedule of the cognitive training is presented in Table A1.
MAT (www.gfg-online.de) is a paper and pencil package with short
exercises which had to be applied for 10 min daily to increase
working memory capacity, visual attention, and speed of infor-
mation processing. In particular, the training aimed at enhancing
psychomotor processing by faster perceiving and responding to
objects or words, for example detection of triangles in a com-
plex geometric figure or identification of words in a complex
letter matrix, which were arranged either vertically, horizontally, or
diagonally. Memory training included exercises that used words,
figures, or digits. Participants were asked to memorize the items
from each category and recall as many items as possible after
several minutes. A more complex exercise consisted of associa-
tion between faces and personal data like age and profession and
recalling the information after a face presentation 10 min later.

The training begins with easy exercises to make quick effects
possible. By creating more challenging instructions and by

Table A1 | A schedule of the cognitive training program.

Week Session Exercise

1 1 MAT

2 MAT

2 3 MAT

4 MAT

3 5 MAT

6 MAT/Sudoku

4 7 MAT/Sudoku

8 MAT/Sudoku

5 9 Mental-Aktiv/Ahano/Sudoku

10 Mental-Aktiv/Ahano

6 11 Mental-Aktiv/Ahano

12 Mentaga/Mental-Aktiv/Ahano

7 13 Mentaga/Mental-Aktiv/Ahano

14 Mentaga/Ahano

8 15 Mentaga/Ahano

16 Mentaga/Ahano/Sudoku

9 17 Mentaga/Ahano/Sudoku

18 Mentaga/Sudoku

10 19 Mentaga/Sudoku

20 Mentaga/Sudoku

11 21 Mentaga

22 Mentaga

12 23 Mentaga/Ahano

24 Mentaga/Ahano

13 25 Mentaga/Sudoku

26 Mentaga/Ahano

14 27 Mentaga/Ahano

28 Mentaga/Ahano

15 29 Mentaga/Ahano

30 Mentaga

16 31 Mentaga/Ahano/Sudoku

32 Mentaga/Sudoku

allowing less time for task performance, the level of difficulty gets
enhanced gradually.

The training consists of the following modules:

Information processing speed:
Time limited visual search. Different forms, numbers and letters
are used. Identification of single words in randomly assembled
sequences of letters. The hidden words are arranged forward,
backward, vertically, horizontally, or diagonally.

Memory span:
Keep several numbers, words, or pictures in memory and
immediate recall of words or identifying missing words.

Basic learning speed:
Memorization of faces with personal data and memorization of
faces with distracting stimuli.

Mental-aktiv (www.mental-aktiv.de) is an internet-based plat-
form that offers a number of memory tasks using digits, letters,
colors, and figures and exercises to train speed of processing. The
exercises were designed in cooperation with the authors of MAT
and trained the same functions as listed above.

Sudoku is a logic-based number placement puzzle that consists
from a 9 × 9 grid with digits so that each column, each row, and
each of the nine 3 × 3 sub-grids contain all of the digits from 1
to 9.

Ahano peds (www.ahano.de) consists of units with different
levels of difficulty. The free available program includes an eye-
hand coordination task, money counting task, detection of word
repetitions in a text, block taping task, memory for abstract
figures etc.

Double:
There is a yellow ball and a red box presented on the screen. With
one hand, the participant has to use the computer mouse in a
certain way in order to put the ball into the box. With the other
hand, the participant has to type the presented words as quickly
as possible. This exercise trains peripheral visual attention as well
as the coordination of multiple operations.

Euro Coins:
There are many different coins in a purse. The task is to assem-
ble specific coins in order to reach a given amount. This should
be done as often as possible within a specific interval. Visual
perception, selective attention, and mental arithmetic are trained.

Response:
Balloons float past the window of an aircraft. The task is to click
as quickly as possible on the relevant balloon appearing on the
left side of the window. This exercise trains selective attention
and distractor inhibition.

Palpation:
At the time when a green light appears on the screen, one of five
given forms is hidden behind a big picture. The participant’s task
is to touch the form by use of the computer mouse in order to
decide which form is hidden in the current trial. To make a choice,
the participant has to click on the corresponding picture. There
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is only one attempt in each trial. This exercise trains perception
and spatial–visual memory.

Double Words:
A pool of words is given, which contains each single word twice.
The task is to click on the currently relevant word by use of the
computer mouse. There are five attempts in each trial to find the
correct word. This exercise trains the participant’s memory.

Chimpanzee test:
Nine fields are presented containing single digits for a short time.
After the digit’s disappearance, the participants are instructed to
click on the fields in ascending order to reproduce the positions,
where the respective figures were shown. Here, visual perception,
short-term memory and spatial–visual memory can be trained.

Colors:
The participants have to memorize the colors of a presented pic-
ture. The task is to “repaint” the image by first clicking on a
“paint pot” and then clicking on the image area. The partici-
pants receive one point for each correctly chosen color. Visual
perception, short-term memory and spatial–visual memory can
be trained by this exercise.

Mentaga (www.mentaga.com) consists of exercises enhancing
vigilance, perceptual speed, spatial attention etc. like compar-
ison of visual patterns, face learning, counting, vigilance, and
eye-hand coordination

Figurative Thinking:
In each trial, two, almost identical pictures are presented. There
are exactly three differences between the two pictures, which the
participant has to detect as quickly as possible. This exercise is
designed to support selective attention.

Capacity:
The task is to catch vertically falling balls with a basket as accu-
rately and quickly as possible. To adjust the basket, the partici-
pant has to use the computer mouse. Simultaneously, as many
numerical and alphabetical tasks as possible have to be per-
formed. Spatial–visual attention, arithmetic, concentration, and
of multiple task performance should be improved by this task.

Concentration:
In each trial, an “E” surrounded by a certain number of dots is
presented. The task is to identify every E which is surrounded
exactly by three dots as quickly as possible. Concentration and
visual attention are trained by this task.

Pattern Matching:
Four pictures are presented in each trial. There is always one
original, two rotated versions of the original and one differing
picture, which the participant has to identify by clicking on it.
This exercise trains the abilities of mental rotation and visual
search.

Person Memory:
This exercise aims at memorizing and recognizing names
and faces. First, a sequence of faces and names is pre-
sented and the participants explicitly have to memorize
the names. Then, faces are displayed with various names.
The participant has to decide which name is related to
a particular face. This exercise specifically trains object
recognition.

Visual Acuity:
In each trial, two pictures are presented. As quickly as pos-
sible, the participant has to decide whether the two pictures
are identical. Visual acuity and visual search are trained by
this task.

Response Capacity:
Two objects are presented side by side. The participant has to
decide whether the objects are identical. A response is required if
the objects are identical. This exercise aims at improving visual
search and decision time.

Memory for Numbers:
The participant has to memorize and reproduce numbers
presented on the screen. The length of each number is
adapted to the participant’s capacity. The more digits a
number contains, the more time is granted for memorizing
and reproducing the number. Primarily, this exercise trains
the memory for numbers, but also working memory in
general.
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