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Several studies investigating the relationship between physical activity and cognition
showed that exercise interventions might have beneficial effects on working memory,
executive functions as well as motor fitness in old adults. Recently, movement
based video games (exergames) have been introduced to have the capability to
improve cognitive function in older adults. Healthy aging is associated with a loss
of cognitive, as well as sensorimotor functions. During exergaming, participants are
required to perform physical activities while being simultaneously surrounded by a
cognitively challenging environment. However, only little is known about the impact
of exergame training interventions on a broad range of motor, sensory, and cognitive
skills. Therefore, the present study aims at investigating the effects of an exergame
training over 6 weeks on cognitive, motor, and sensory functions in healthy old
participants. For this purpose, 30 neurologically healthy older adults were randomly
assigned to either an experimental (ETG, n = 15, 1 h training, twice a week) or
a control group (NTG, n = 15, no training). Several cognitive tests were performed
before and after exergaming in order to capture potential training-induced effects
on processing speed as well as on executive functions. To measure the impact of
exergaming on sensorimotor performance, a test battery consisting of pinch and
grip force of the hand, tactile acuity, eye-hand coordination, flexibility, reaction time,
coordination, and static balance were additionally performed. While we observed
significant improvements in the trained exergame (mainly in tasks that required a high
load of coordinative abilities), these gains did not result in differential performance
improvements when comparing ETG and NTG. The only exergaming-induced difference
was a superior behavioral gain in fine motor skills of the left hand in ETG
compared to NTG. In an exploratory analysis, within-group comparison revealed
improvements in sensorimotor and cognitive tasks (ETG) while NTG only showed an
improvement in a static balance test. Taken together, the present study indicates that
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even though exergames might improve gaming performance, our behavioral assessment
was probably not sensitive enough to capture exergaming-induced improvements.
Hence, we suggest to use more tailored outcome measures in future studies to assess
potential exergaming-induced changes.
Keywords: exergames, healthy aging, sensorimotor, cognition, video games, aerobic fitness, motor skills

INTRODUCTION

neuronal metabolic processes induced by physical activity can
only be exploited efficiently when the brain is simultaneously
challenged by cognitive demands (Oswald et al., 2006; Bamidis
et al., 2014). Moreover, it is thought that multi-modal training
interventions resemble real-life demands and therefore yield
higher chances of successful transfer to other tasks and everyday life situations (Lustig et al., 2009). In line with this, recent
studies have highlighted the capacity of lifestyle interventions,
like dancing (Kattenstroth et al., 2013; Coubard et al., 2014) or
playing video games (Maillot et al., 2012; Pichierri et al., 2012),
to enhance sensorimotor and cognitive functions in older adults.
Investigating the potential of video games in preventing agerelated cognitive decline has gained great research interest within
the last years (Green and Seitz, 2015). It has been frequently
shown that cognitive video game training can have beneficial
effects on several cognitive functions in older adults, including
memory, attention, and reaction time (Lampit et al., 2014;
Toril et al., 2014). While classical video games being played
sedentarily, movement based video games (exergames) require
the performance of physical activities while being simultaneously
surrounded by a cognitively challenging environment. Studies
were able to show that exergaming for instance can promote
executive functions and cognitive processing speed in older
adults (Maillot et al., 2012; Schoene et al., 2013). Furthermore,
a recent review article could show that various studies using
exergame trainings, show beneficial effects on cognitive, as well
as on dual-task performance, which potentially reduces the risk of
falls in older adults (Ogawa et al., 2016). Nevertheless, exergame
intervention studies attempting to examine effects on motor
performance, investigated mainly the effect on balance, which
showed rather mixed results (Bisson et al., 2007; Nicholson et al.,
2015). The same holds true for improvements in muscle strength
of lower and upper limbs (Nitz et al., 2010; Jorgensen et al., 2013).
Moreover, benefits are mostly shown for trained tasks but only
limited transfer effects to other tests (Bisson et al., 2007; Pichierri
et al., 2012; Baniqued et al., 2014; Sato et al., 2014). Video
game characteristics might contribute to this since most of the
video games used are tailor-made, representing predominantly
highly controlled laboratory conditions and therefore missing
a multi-modal environment promoting transfer (Lustig et al.,
2009; Baniqued et al., 2014). In contrast, commercial video
games which, for instance, include different sport disciplines,
require fast reactions and the ability to shift the attentional
focus for performing appropriate and well timed movements.
Up do date, studies examining commercial video games were
mostly conducted using different applications of Nintendo R , for
instance Nintendo WiiTM (Nintendo Co. Ltd., Kyoto, Japan). This
system is equipped with a hand remote controller which requires
to play the game in performing physical gestures by moving

In the last decades, great effort has been put into understanding
how to improve healthy and successful aging, since a prolonged
lifespan has major implications for our health care and social
system.
Typically, aging is accompanied with a decline in cognitive
(Park et al., 2002; Verhaeghen and Cerella, 2002; Salthouse,
2004) and sensorimotor functions (Stevens and Choo, 1996;
Konrad et al., 1999; Smith et al., 1999; Krampe, 2002; Li and
Lindenberger, 2002). However, there are substantial individual
differences in how much people are affected by age-related
decline. And it seems that some people are relatively spared of
age-related alterations and disabilities (Nelson and Dannefer,
1992; Morse, 1993; Christensen et al., 1994; Fozard et al., 1994;
Stewart et al., 2014). In this regard, successful aging has become a
familiar term and is defined by three components: being actively
engaged in life, the absence of disease as well as physical and
mental fitness (Rowe and Kahn, 1997). More importantly, these
components are not acting independently; they rather contribute
in an interrelated fashion. Accordingly, many studies emphasized
the key role of physical activities in preventing as inevitable
seeming age-related chronic diseases, neurodegenerative, and
psychiatric disorders (Sacco et al., 1998; Franklin et al., 2001;
Strawbridge et al., 2002; Ravaglia et al., 2008; Ciolac, 2013). Being
engaged in physical activity can further contribute significantly
to life satisfaction and happiness in later life (Menec, 2003;
Liffiton et al., 2012). Moreover, there is compelling evidence that
exercising is an effective approach to prevent cognitive decline
associated with increasing age (Hertzog et al., 2008; Bherer et al.,
2013). For instance, it is well established that aerobic training not
only improves motor fitness, it also positively influences cognitive
performance, such as working memory and executive functions.
Furthermore, these behavioral benefits are accompanied by
structural and functional brain adaptations (Kramer et al., 1999;
Colcombe et al., 2006; Angevaren et al., 2008; Erickson et al.,
2011; Voelcker-Rehage et al., 2011; Voss et al., 2013; Bamidis
et al., 2014), like volume changes in cortical motor and frontal
areas as well as in subcortical structures. Interestingly, these
changes are not exclusively induced by cardiovascular training.
Coordination training combining balance, limb coordination,
spatial orientation and reaction time tasks are also effective in
modulating brain structure and function that are associated with
improvements in cognition and motor performance (VoelckerRehage et al., 2010, 2011). Comparative studies revealed that
combining motor and cognitive demands during exercising can
even lead to greater enhancements in cognition than training
the domains separately (Fabre et al., 2002; Oswald et al., 2006;
Lauenroth et al., 2016). It has been argued that enhanced
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were free of taking any central-acting drugs and completed
the Mini-Mental State Examination (MMSE; Folstein et al.,
1983). We further did not include highly skilled musicians,
typists, or sportsmen. Nevertheless, some of the participants
were experienced in playing a musical instrument or did
sports on a regular basis as assessed by a questionnaire
(for group characteristics also see Table 1). Handedness was
assessed using the Edinburgh Handedness Inventory (Oldfield,
1971). According to this questionnaire, three participants were
considered ambidextrous (mean score: 2; range −10–26) and
therefore excluded for the analysis on hand function, grip
strength and pinch force, as well as touch sensitivity. The
remaining participants were all right handed (91.81; range
70–100). None of the participants reported to have experiences
in playing exergames. The participants were randomly assigned
to a passive no training group (n = 15, 8 female, mean age:
68.6 ± 4.67) or the exergame training group (n = 14, 7 female,
mean age: 69.79 ± 6.34). All subjects gave written informed
consent in accordance with the declaration of Helsinki. The
protocol was approved by the local ethics committee of the
University of Leipzig (ref no. 376-15-24082015).

upper limbs. A more recent development are consoles using a
camera system, for instance XboxTM 360 KinectTM (Microsoft
corp., Redmond, WA), which recognizes gestures and therefore
requires whole body movements for playing (van Diest et al.,
2013). Up to now, only a few studies examined the effects
of a whole-body exergame training and they have indicated
improvements in balance (van Diest et al., 2016) and lower
extremity muscle strength (Sato et al., 2014). In fact, to date
little is known about the impact of a whole-body and multimodal exergame training intervention on a broad range of
sensorimotor and cognitive skills, such as aerobic fitness, fine
motor skills, tactile acuity, and working memory. Furthermore,
sample characteristics between studies differ to a great extent
and ranging from hospitalized, community dwelling (Jorgensen
et al., 2013; Schoene et al., 2013; Sato et al., 2014; Nicholson
et al., 2015; van Diest et al., 2016) to independent living sedentary
participants (Maillot et al., 2012). Until now, it is not known
whether healthy active older adults would also benefit from
exergame training. Likewise, there is a huge difference in study
design of previously performed studies. They differ in duration
and frequency of the training program and the standardization
of the setting (home-based or under supervision in the lab;
Maillot et al., 2012; Schoene et al., 2013; van Diest et al., 2016).
Typically, studies so far were taken place within training periods
up to 12 weeks, with a training frequency of 2–3 sessions per
week (Hall et al., 2012; Marston and Smith, 2012). Interestingly,
Colcombe and Kramer (2003) stated that effects of physical
training on cognition can already be found after 1 month of
training, while longer training periods show substantially larger
effects. Therefore, the current study aimed to investigate the
effect of a whole-body exergame training intervention using the
console XboxTM 360 KinectTM over a rather short training period
of 6 weeks. Based on previous findings from the aforementioned
studies, we expected that a multi-domain video exergame
training combining endurance, coordination, strength as well
as demands on cognitive processing will translate into overall,
and therefore generalized enhancements of a broad range of
sensorimotor as well as cognitive functions. Following on this,
we further wanted to examine the potential benefits of exergame
training for provoking benefits in a healthy, active sample of older
adults. We therefore hypothesized that exergaming will induce
significant improvements in the performance of sensorimotor
and cognitive functions compared with a group receiving no
training. We further expected that the exergame training group
will show significant practice effects during exergaming and that
these online improvements will be associated with the baseline
performance in the sensorimotor and cognitive tests.

Experimental Procedure
We used a between groups, pretest-training-posttest design
for which participants were randomly assigned to either the
exergame training group (ETG) or a passive no training group
(NTG). All participants completed cognitive tests as well as
sensorimotor tests before and after the respective intervention
(see also Figure 1). The tests were administered each time in a
random order over 2 days. Prior to the pre and post-tests for
both groups as well as before each session for the ETG, level of
attention, fatigue and discomfort was examined using a visual
analog scale (VAS) ranging from 1 to 10 (1 = very inattentive
to 10 = very attentive; 1 = high fatigue to 10 low fatigue; 1 = no
discomfort to 10 = high discomfort). For the ETG, motivation to
train was administered at the beginning of each training session
(1 = very unmotivated to 10 = very motivated). Between pre
and post assessments, participants from the ETG performed

TABLE 1 | Group demographics.
Variable

ETG
M

NTG
SD

M

SD

p-value

Age

69.79

6.34

68.6

4.67

0.569

Education

1.93

0.83

1.47

0.74

0.125

MMSE

29.36

1.22

28.73

1.1

0.158

BMI

25.54

3.84

26.36

4.85

0.665

Physical activity

1.64

1.22

1.73

2.22

0.894

Participants

Musical training

0.21

0.43

0.33

0.49

0.491

A total number of 30 healthy participants were enrolled in the
present study after giving written informed consent. To exclude
any evidence for neurological disease and contraindications
with respect to the study procedures, all participants were
neurologically examined by a physician. All participants

Education: years of school; total score range 1–3 (1 = at least 12 years; 2 = 10 years,
3 = 8 years). MMSE, Mini Mental State Examination; total score range of 1–30; cut-off
score for exclusion: <26. BMI, Body Mass Index; Physical Activity: average hours of sport
activity per week. Music training: average hours of playing a musical instrument. All values
are depicted as mean ± standard deviation of the mean. ETG, Exergame Training Group;
NTG, No Training Group.

MATERIALS AND METHODS
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FIGURE 1 | Experimental setup and design. (A) Subjects were randomly assigned to a intervention group (exergame training), participating in a exergame training
over 6 weeks, or a passive control group (no training group). All participants completed cognitive as well as sensorimotor tests 10 days before (pretest) the
intervention. The same tests were administered with cognitive testings 10 days and sensorimotor testings 7 days after the intervention. (B) Flow diagram presenting
the enrollment, intervention allocation, follow-up, and data analysis with the respective number of participants.

(step climbing). The test was performed on an aerobic platform
(heights: 24 cm) and step cadence was controlled using a
metronome which was set to 84 beats per minute (bpm).
Prior to the test, resting pulse (RP) on the index finger was
measured with a finger-tip pulse oximeter (PULOX R PO-200,
Novidion GmbH, Germany). Following the demonstration by
an instructor, the participants performed the test for 3 min.
Immediately after finishing the test, strained pulse (ST) and
1 min later recovery pulse (ReP) were measured. For the
analysis we computed the Ruffier performance index (Rodríguez
Cabrero, 2015) using the following formula: [(RP + ST
+ ReP) − 200]/10. Participants were excluded from the
analysis if they could not keep the given cadence or if they
had to stop the test due to exhaustion. For those reasons,

in total 12 exergame training sessions over 6 weeks, with 2
sessions per week. Each session lasted 60 min resulting in a total
training time of 12 h. For avoiding potential influences by social
interactions, each participant received personal training sessions.
At the beginning of each session pulse at rest was measured using
a pulse oximeter, placed at the index finger. In order to reduce the
risk of injuries a standardized warm-up of 5 min was performed
prior to the exergame training.

Outcome Variables
Aerobic Fitness and Sensorimotor Performance
Aerobic fitness
To characterize aerobic fitness, we used the 3 Min Step Test
(ACSM, 2010) measuring pulse recovery to a functional activity
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data of three participants had to be excluded from the
analysis.

the dominant hand. Due to non-attendance, data from one
participant could not be collected.

Upper body muscular endurance

Hand motor skills

For measuring muscular endurance of the upper body,
participants were asked to lie prone on an exercise mattress with
the forehead resting on a wedge pillow. The participants were
given a dumbbell in each hand and were instructed to perform
a rowing motion simultaneously with both arms (stretching and
bending of the arms) between two markers. The movement
frequency was determined by a metronome which was set to 60
bpm. Upper arms and elbows had to form an angle of 90◦ , slightly
touching a marker on the back. For performing the stretching
movement, the hands with the dumbbells were supposed to touch
the front marker. The number of movement repetitions served as
outcome measurement. The test was stopped if the participants
were touching the mattress with the dumbbells, if they could not
keep the movement frequency or if they were not able to touch
the two markers (front or back) anymore. Female participants
had to move dumbbells with a weight of 1 kg each; males were
tested using 2 kg dumbbells. Data of two participants could not
be collected due to non-attendance.

Fine motor skills of the upper extremities were evaluated using
the Jebson-Taylor Hand Function Test (JTT) (Jebsen et al., 1969).
Originally the JTT consists of seven different subtests from which
six were included in this study: turning over cards, picking up
small objects and placing them in a can, picking up small objects
with a teaspoon and placing them in a can, stacking chequers,
moving large light-weighted cans, and moving heavy-weighted
cans. Participants were instructed to perform the tasks as fast and
accurate as possible. All subtests were performed separately with
left and right hand with left-hand performance always evaluated
first. For the analysis, we recorded times for completion of each
task and each hand.

Flexibility
Flexibility was characterized using the Back Scratch Test
(Konopack et al., 2008) which was performed in a sitting position.
Participants had to place one hand behind the head and back
over the shoulder and reaching down the back as far as possible.
The palm was supposed to touch the body and the fingers were
directed downwards. The other arm was also moved behind
the back under the shoulder with the palm turned outward
and fingers upward reaching the fingers from the other hand.
The movements of the arms had to be performed without any
momentum. As the dependent variable, distance or overlap in
centimeter from the two middle fingers was assessed. If there
was a distance between the fingers, participants received a
negative score while, for overlapping fingers, a positive score was
attributed. If the fingertips were exactly touching, the given score
was zero. Due to non-attendance data from one participant could
not be collected.

Grip strength
The maximum strength of the hand and forearm muscle was
analyzed using a hydraulic dynamometer (SEAHAN R , SEAHAN
Corporation, S. Korea). Participants sat in an upright position
and were instructed to hold the dynamometer in the hand while
keeping the elbow by the side of the body and the arm at
right angles. For the testing, participants had to squeeze the
dynamometer for 5 s applying maximum isometric effort. Left
and right hand were measured three times in a randomized order.
Grip strength was measured in kg and for the final analysis mean
performance of each side was used. Due to non-attendance, data
from one participant could not be collected.

Static balance

Maximum pinch force of the thumb was evaluated using a
hydraulic pinch gauge (SEAHAN R , SEAHAN Corporation, S.
Korea). Participants were asked to take an upright position with
the arm forming an angle of 90◦ while keeping the elbow on
the side. Participants were holding the pinch gauge between the
proximal interphalangeal joint of the index finger and the thumb.
The pinch gauge had to be squeezed with maximum force three
times each side. Each trial lasted 5 s with a break of 10 s in
between. The dependent variable was mean performance of each
side in kg.

For investigating static balance we used the Wii Balanceboard©
(Nintendo Co. Ltd., Kyoto, Japan) which has been shown to
reliable measure balance in the elderly (Chang et al., 2013). Static
stance was assessed under four different conditions: standing still
on both legs eyes open and closed, on the right leg and left leg
eyes open. Each condition lasted for 15 s. Subjects were instructed
to stand as quietly as possible on the platform. Prior the testing,
individual center of pressure was calibrated. For all conditions,
the average body sway in anterior-posterior (AP) and mediolateral (ML) direction was analyzed using the STABLE software
from pro-WISS© (Bochum, Germany).

Motor reaction time

Tactile performance

For measuring motor reaction time we used the Ruler Drop
Test (Del Rossi et al., 2014). Participants were seated sideways
on a chair with the forearm placed over the edge of the chair.
The bottom of the measuring stick was placed perpendicular
between the thumb and the index finger of the participant.
After an acoustic warning signal, the stick was dropped and the
participant had to catch it as fast as possible. We recorded the
number on the measuring stick displayed just over the thumb
representing the reaction time. The test was performed with

Tactile performance was measured using Touch-TestTM Sensory
Evaluators (Semmes-Weinstein Monofilaments, North Coast
Medical, Inc., CA). The test kit contained 20 filaments differing
in length and diameter, therefore resulting in a specific buckling
force. Hence, the applied forces were ranging between 0.008
and 300 mN. The filaments were pressed in a 90◦ angle against
the tip of the index finger until they bowed and were hold in
place for approximately 2 s. The participants were asked to close
their eyes and respond as soon as the stimulus was felt. The

Pinch force
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participants’ movements and therefore allowed them to control
their avatars, a graphical representation of the user, in the game.
Every training session included different sport games from the
commercial video game Summer Stars 2012 (DEEP SILVER
GmbH, Munich Germany). Based on their primarily required
motor proficiency, the games were categorized as endurance
(freestyle and butterfly swimming, hammer throwing), strength
(hurdles, javelin throwing, 100 meter running), and coordination
(trampoline, high diving, archery, mountain biking) disciplines.
Each participant was playing two times eight disciplines which
were presented in a fixed order. Gaming scores for each discipline
and every session were noted to examine practice effects. For
motivating adherence and enjoyment, 100 meter running and
butterfly swimming were replaced by hurdles and freestyle
swimming after 6 training sessions, due to similarly required
skills. To prevent overexertion pulse was monitored throughout
each training session, assessed before and right after every
discipline. Each training session was supervised by an instructor
ensuring the participants safety and the correct performance of
the required movements. For this purpose participants practiced
only half of the training program during the first week of training.
The participants in the NTG were instructed to keep their usual
lifestyle over the entire time of the study.

test was performed using a staircase procedure starting with
the filament representing the highest force by decreasing until
the participant could not perceive the stimulus anymore (lower
boundary). The forces then were increased until the participant
reported an indentation again (upper boundary). In order to
receive the absolute touch threshold, this procedure was repeated
for three times and the resulting six values were averaged.

Cognition
Cognitive performance was measured using subtests from
the TAP 2.3 (Test of Attentional Performance, PsyTest,
Herzogenrath), a computer-based neuropsychological testbattery for analyzing different aspects of attention (Zimmermann
and Fimm, 1995). Therefore, the participants were seated in front
of a computer screen with hands placed in front of two response
keys (left and right). For familiarizing the participants with
each subtest, a short exercise session followed the instructions.
Subtests were presented in randomized order.

Alertness and simple reaction time
Reaction time was measured under two conditions. The first
condition concerned simple reaction time to a visual stimuli
(greek cross) appearing in random intervals on the screen.
Participants had to respond as quickly as possible by pressing a
key. In the second condition, the visual stimuli was preceded by
a cue in form of a warning tone. The cross followed the warning
tone in random intervals. Mean reaction times in ms for both
conditions were assessed.

Data Analysis
Statistical analyses of the data were performed using the statistical
software package for social sciences (IBM SPSS v22), figures
were made using RStudio 3.3.1 (RStudio Team, 2015). As an
initial step, data-sets were checked for normal distribution
using the Kolmogorov-Smirnov Test. Since behavioral data
were not normally distributed for some outcome measures,
we subsequently performed non-parametric statistical tests
to evaluate performance improvements within- and betweengroups. Effect-sizes were analyzed accordingly, using effectsize measurement r. Comparing VAS, we performed parametric
statistical tests using an rmANOVA with factor TIME × GROUP.
Sample demographics were compared using two-sample t-Tests.
Effect size for ANOVA was reported as η2p . Effect size for T-tests
as Cohen’s d.
One participant was excluded from the final analysis due to
non-attendance of at least 80 percent of all training sessions.
Therefore, the data of 29 participants (mean age: 69.17 ± 5.47
years; range 60–78 years; 15 females) were included in the final
analysis.

Working memory
Working memory capacity and information flow was evaluated
by using a N-back task (N = 2). Therefore, a sequence of numbers
was presented on the screen. Participants were instructed to press
the key if the given number was the same as the last but one
number. We assessed the number of correct trials out of 15 in
5 min. Due to technical problems, data of one participant was
discarded for the final analysis.

Response inhibition
This paradigm was used to measure the participant’s capability
to inhibit a response triggered by an external stimulus. For
this either an upright cross (Go-stimulus) or a diagonal cross
(NoGo-stimulus) was presented on the screen. Participants were
instructed to press a key as fast as possible only when the Gostimulus appeared. The average of correct answers out of 20 in 2
min was used as dependent variable.

Group Comparisons of Sensorimotor and Cognitive
Performance Measures

Exergame Training
For the training we used the Microsoft X box 360TM , a
commercial video game console, in combination with the
Microsoft Kinect SensorTM . The Kinect sensor is a horizontal
bar which is connected to a motorized base. Equipped with a
RGB camera, a depth sensor and a multi-array microphone the
Kinect sensor provides full-body 3D motion capture. Hence,
without any need for a game controller the sensor enables
exergaming via whole body movements. Connected to a screen
the Kinect sensor was placed in 2 ms distance frontal to the
participants. While training, the Kinect sensor was tracking the
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baseline scores from both groups in the sensorimotor and
cognitive performance measures using the Mann-Whitney UTest for two independent samples. Based on significant pretraining differences between both groups, we then computed
a gain score of each subtest representing the percentage
performance improvement using the following formula:
[(post − pre)/pre]∗ 100
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pre (raw test score before the training period), post (raw test score
after the training period).
Thereby, we assured that performance gain was evaluated
independent from potential baseline differences between groups.
In order to examine offline effects induced by the exergame
training, gain scores were subsequently compared betweengroups using Mann-Whitney U-test for two independent
samples.

TABLE 2 | Visual Analogue Scale (VAS).
Variable
M

NTG
SD

M

SD

p-value
0.075

Attention

8.46

0.77

8.89

1

Fatigue

8.61

0.84

9.18

1.15

0.065

Discomfort

1.1

0.79

1.03

0.73

0.521

A visual analog scale was used to assess attention, fatigue and discomfort before the pretraining and post-training measurements. Attention scale ranging from 1 to 10 (1 = very
inattentive to 10 = very attentive). Fatigue scale, from 1 to 10 (1 = high fatigue to 10
low fatigue) and discomfort scale ranging from 1 to 10 (1 = no discomfort to 10 = high
discomfort). All values are expressed as mean ± standard deviation. ETG, Exergame
Training Group; NTG, No Training Group.

Practice Effects and Baseline Dependency of
Exergaming Performance
For excluding influences on gaming performance, we analyzed
the average VAS scores and motivation to train before and after
each training session using paired t-tests. To characterize online
training effects, gain scores (see formula above) out of the noted
raw game scores from the first (pre) and last session (post)
for each sport discipline were calculated. Statistical evaluation
was carried out using one sample Wilcoxon signed rank test.
Bonferroni correction was applied if necessary to account for
multiple comparisons. Within- and between-group comparisons
were assessed at the 5% level of significance.

Within-Group Comparisons of
Sensorimotor and Cognitive Performance
Measures
Within-group comparison were done in an exploratory fashion,
to investigate potential training effects and their effect sizes,
in the ETG and NTG separately. The ETG showed significant
performance improvements from baseline to post-measurement
in pinch force of both hands (Wilcoxon-Test for two related
samples, Pinch Force Test right, Mdn pre: 6.16 kg, Mdn post:
7.40 kg, W = −2.542, p = 0.011, r = 0.68, Pinch Force Test left,
Mdn pre: 6.61, Mdn post:6.95, W = −2.982, p = 0.003, r = 0.80),
in fine motor function of both hands as assessed with the JTT
(JTT right hand Mdn pre: 4.91 s, Mdn post:4.62 s, W = −3.296,
p = 0.00, r = 0.88, JTT left hand Mdn pre: 5.91 s. Mdn post:
5.27 s, W = −3.107, p = 0.002, r = 0.83), in the assessment
of static balance with eyes closed (COP AP Mdn pre: 7.05 mps,
Mdn post: 6.00 mps, W = −2.010, p = 0.044, r = 0.54, COP ML
Mdn pre: 2.90 mps, Mdn post: 2.10, W = −1.992, p = 0.046, r
= 0.53) and in two cognitive assessments (Alertness Mdn pre:
273.75 ms, Mdn post: 241.10 ms, W = −2.291, p = 0.022,
r = 0.61, simple reaction time Mdn pre: 274.55 ms, Mdn post:
251.60 ms, W = −2.040, p = 0.041, r = 0.55). However, the
NTG only showed significant performance improvements in one
assessment of static balance (COP AP Mdn pre: 6.60 mps, Mdn
post: 6.00 mps, W = −2.786, p = 0.005, r = 0.72). Please see
Table 5 for details.

RESULTS
Demographics
According to independent samples t-tests, there were
no
significant
between-group
differences
regarding
age [t (27) = −0.57, p = 0.569, d = −0.21], years of education
[t (27) = −1.58, p = 0.125, d = −0.59], MMSE scores [t (27) =
−1.45, p = 0.158, d = −0.54], body mass index [t (20) = 0.44,
p = 0.665, d = 0.19], hours of physical activity [t (27) = 0.14,
p = 0.894, d = 0.05] and hours of playing a musical instrument
per week [t (27) = 0.70, p = 0.491, d = 0.27] (see also Table 1
for mean values). RM-ANOVA revealed no group differences in
fatigue [F (1, 25) = 1.23, p = 0.279, η2p = 0.047] and discomfort
[F (1, 25) = 0, p = 0.946, η2p = 0.001] but a significant TIME ×
GROUP interaction for attention [F (1, 25) = 7.17, p = 0.013,
η2p = 0.223]. Nevertheless, considering the mean values (see also
Table 2), we believe that there was no impact from attention on
the post-performance of the NTG.

Group Comparisons of Sensorimotor and
Cognitive Performance Measures

Practice Effects and Baseline Dependency
of Exergaming Performance

We found significant between-group baseline differences in JTT
performance of the left hand (Mann-Whitney U-Test for two
independent samples, ETG Mdn: 5.91 s, NTG Mdn: 5.34 s,
U = −3.275, p = 0.001, r = 0.61), as well as in the touch test
of the right hand (ETG Mdn: 3.32 mN, NTG Mdn: 3.03 mN,
U = −2.389, p = 0.016, r = 0.44). Please see Table 3 for details
on all variables tested. When comparing the gain scores of both
groups, we found significantly greater improvements for the ETG
in the JTT performance of the left hand (ETG Mdn: 14.747%,
NTG Mdn: 2.538%, U = −3.230, p = 0.001, see also Figure 2).
However, all other variables showed no significant differences
between groups. The descriptives and inferentials for all variables
are given in Table 4.
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ETG

The overall adherence to the training was 97% with 163 out
of 168 sessions (14 participants for 6 weeks/2 sessions per
week). The ETG did not show significant differences in their
level of attention [t (13) = −1.94, p = 0.075, d = 0.47], fatigue
[t (13) = −2.01, p = 0.065, d = 0.56] and discomfort [t (13) =
0.66, p = 0.520, d = 0.09] before and after each training session
as assessed by paired t-tests. On average, participants showed
a high motivation to train at the beginning of each session
(mean: 8.77 ± 0.84). Participants of the ETG showed significant
online practice improvements in six of the performed disciplines.
Two of the strength and all coordination dominated disciplines
showed significant performance improvements already after the
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TABLE 3 | Baseline characteristics of both groups.
Variables

ETG
Median

NTG
Min–Max

Median

Min–Max

U

p-value

Effect-size r

AEROBIC FITNESS AND SENSORIMOTOR PERFORMANCE
Step test (Index)

10.60

0.0–14.40

7.50

0–18.2

Upper body muscular endurance test (rep.)

26.00

0.0–40.00

22.00

0–77.0

Grip strength test R (kg)

21.32

16.53–49.59

27.83

0–48.08

Grip strength test L (kg)

21.09

16.18–42.03

27.67

0–45.51

Pinch force test R (kg)

6.16

4.54–12.70

7.12

0–12.4

Pinch force test L (kg)

6.61

4.55–11.17

6.65

0–12.25

17.00

0.00–28.00

17.0

9.50–32.50

Motor reaction time test (cm)

−0.917
−0.529
−0.568
−0.371
−0.044
−0.284
−0.459

JTT R (s)

4.91

4.38–6.69

4.80

0–5.27

JTT L (s)

5.91

4.48–8.08

5.34

0–5.91

−3.275

−12.50

−30.00–12.00

−2.0

−38.0–12.0

−0.415

−16.00

−39.00–6.00

−8.0

−35.0–12.0

−1.026

Back scratch test R (cm)
Back scratch test L (cm)
COP AP EO (mps)
COP AP EC (mps)

3.90

7.05

2.10–6.30

4.8

3.20–13.50

6.60

2.90–11.0

3.0–11.80

COP ML EO (mps)

2.15

1.00–4.10

1.80

1.10–3.40

COP ML EC (mps)

2.90

1.30–9.00

2.80

1.10–5.90

Touch-test R (mN)

3.32

3.09–3.60

3.03

0.0–3.90

Touch-test L (mN)

3.22

2.43–4.06

3.16

0.0–3.74

COGNITION
Alertness (ms)

273.75

237.40–390.70

254.0

229.50–330.70

Simple reaction time (ms)

274.55

230.60–391.30

254.90

227.10–329.60

9.00

−26.00–15.00

13.0

−1.0–15.0

Working memory (correct)
Response inhibition (correct)

19.00

10.00–20.00

19.0

16.0–20.0

−1.179

−1.719
−0.175
−1.116
−0.459
−2.389
−0.918
−1.746
−1.200
−1.744
−1.021

0.377

0.17

0.621

0.10

0.591

0.11

0.715

0.07

0.983

0.01

0.780

0.05

0.652

0.09

0.252

0.22

0.001*

0.61

0.683

0.08

0.310

0.19

0.077

0.32

0.880

0.03

0.270

0.21

0.652

0.09

0.016

0.44

0.377

0.17

0.085

0.32

0.234

0.22

0.085

0.32

0.331

0.19

ETG, Exergame Training Group; NTG, No Training Group; Min, Minimum; Max, Maximum; COP, Center of pressure deviation; AP, Anterior-Posterior; ML, medio-lateral; EO, eyes open;
√
EC, eyes closed; U-Test-statistic for Mann-Whitney-U nonparametric test for the comparison of two independent samples, Effect-size r: r = |z/ n|; r = 0.01: small effect, r = 0.30:
medium effect; r = 0.50: large effect. *indicate significant finding.

training period of 6 weeks. We observed significant exergaming
induced improvements in fine motor skills of the left hand
when comparing performance gains between ETG and NTG.
Participants in the intervention group showed significant
improvements in online gaming performance across the
training sessions for most of the strength and all of the
coordination based disciplines. However, these online training
effects did not seem to translate into overall performance
improvements on the assessed cognitive and sensorimotor
functions. While we observed significant improvements in
the trained exergame (mainly in tasks that required a high
load of coordinative abilities), these gains did not result in
differential performance improvements when comparing ETG
and NTG.
In an exploratory analysis, within-group comparison revealed
improvements in sensorimotor and cognitive tasks (ETG) while
NTG only showed an improvement in a static balance test. Taken
together, the present study indicates that even though exergames
might improve gaming performance, our behavioral assessment
was probably not sensitive enough to capture exergaminginduced improvements. To which amount different training
parameters such as duration, frequency, or study population
contribute to the absence of effect regarding cognition and
parameters of motor activity, can not be tested with the given

first half of the training period (Wilcoxon signed rank test for
one sample, hurdles Mdn middle session: 6.00% improvement,
Z = 2.551, p = 0.011, r = 0.68), (javelin throwing Mdn middle
session: 14.69% improvement, Z = 2.794, p = 0.005, r = 0.75),
(archery Mdn middle session: 23.29% improvement, Z = 3.110,
p = 0.002, r = 0.83), (high diving Mdn middle session: 24.68%
improvement, Z = 2.605, p = 0.009, r = 0.69), (trampoline
Mdn middle session: 7.30% improvement, Z = 3.269, p = 0.001,
r = 0.87), (mountain biking Mdn middle session: 19.08%
improvement, Z = 3.233, p = 0.001, r = 0.86) while there were
no significant in-game improvements in the endurance-based
disciplines. For detailed description see Table 6.

DISCUSSION
The main objective of the current study was to investigate
whether an exergame training is able to induce changes in
cognitive, as well as sensorimotor performance in healthy older
adults. Recent exergame studies addressed this question by
using rather long training periods and specific tailor-made
training regimes. Hence, our main aim was to elaborate effects
based on a multi-modal video game combining endurance,
coordination, strength and cognitive demands after a short
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older adults and found beneficial effects in hand-arm steadiness,
control precision, and wrist movements compared to a passive
control group. Comparable to dancing, playing exergames is
based on complex upper body movements and it is therefore
assumable that exergaming would also translate into enhanced
fine motor skills. The exergame training used in the present
study required an intensive use of upper limbs for performing
strength and endurance dominated disciplines as well as fine
adjusted movements of upper extremity inter-limb coordination.
Hence, our findings of improved fine motor performance after
6 weeks of exergame training could be interpreted as transfer
of newly acquired motor skills to functional tasks which were
not directly practiced during exergaming. Interestingly, exergame
induced effects were only visible in significant performance
improvements of the non-dominant left hand. This transfer
of bilateral training to unilateral improvements has already
been well documented in previous studies (Schulze et al., 2002;
Burgess et al., 2007; McCombe Waller and Whitall, 2008; Hinder
et al., 2013). A study by Schulze et al. (2002) revealed that a
bimanual training of the pegboard task leads to improvements in
unimanual performance with, however, no difference for the left
or right hand. Middleton et al. (2013) demonstrated that after a
Wii-based training over 2 weeks young participants performed
significantly better in a bimanual and eye-hand coordination
task simulating surgical procedures using their non-dominant
left hand. One could speculate that task characteristics might
explain this effect since performing surgery-like movements
require complex functional skills and are therefore visuo-motor
and cognitively more demanding compared to a simple motor
task. In older adults it has been shown that the performance of
unimanual and bimanual tasks requires more neural resources
compared to young participants which is known as neural
“overactivation” (Mattay et al., 2002; Ward, 2006; Heuninckx
et al., 2008; Goble et al., 2010). In a study by Goble et al.
(2010), it was shown that older adults exhibited elaborated brain
activity in several motor and frontal brain regions during a wrist
coordination task compared to younger adults. Moreover, the
elaborated brain activation in the supplementary motor area
and the somatosensory cortex was positively correlated with
higher coordination task demands during antiphasic movements
and can therefore be considered a marker for increased task
complexity. Hinder et al. (2013) demonstrated a strong transfer
of bimanual and unimanual contexts for young and old adults
with, however, a release of intracortical inhibition only by
older participants. During the exergame training, participants
had to perform various bimanual movements. Thus, one could
argue that a more elaborated bihemispheric activation while
performing the required movements during exergaming might
explain the significant improvements in the JTT for the left hand.
Nevertheless, the absence of effects in the dominant hand might
also be due to an already relatively high skill level compared to
the less used hand.
Moreover, Kattenstroth et al. (2013) attributed the enhanced
effects in fine motor skills not only to increased sensorimotor
coordination but also to muscle strength. Our results corroborate
this assumption by showing, that when comparing the withingroup effects of the ETG, there is not only a significant

FIGURE 2 | Exergame training-induced improvements in motor
performance. (A) Mean performance in JTT (left hand). There were significant
differences at baseline for the JTT (left hand) indicating that both groups
started at different performance levels. After the exergame training the ETG
were able to complete the JTT faster than the NTG. (B) Relative improvement
in JTT (left hand). In order to account for baseline differences performance was
analyzed independently from baseline measures by calculating a relative gain
score. When comparing the relative gains score between both groups, we
observed significant improvements for the ETG compare to the NTG.

study design. However, different aspects will be discussed in the
next sections.
To date, the beneficial effects of exergames on fine motor
skills have primarily been shown in clinical studies (Sin and Lee,
2013; Pietrzak et al., 2014; da Silva Ribeiro et al., 2015; Wittmann
et al., 2016). For example, Paquin et al. (2015) could show that
a 15 min Wii-based training over 8 weeks enhanced upper limb
fine motor performance in stroke patients, as assessed by the
JTT which was also used in the present study. In a study by
McNulty et al. (2011), stroke patients performed a Wii-based
training over 10 consecutive days and improved significantly in
the Wolf Motor Function Test (WMFT). They concluded that
improvements in Wii gaming skills might have generalized to
more functional tasks as assessed by the WMFT. The WMFT
includes several functional and timed tasks to quantify upper
extremity motor ability and is therefore similar to the JTT
(Jebsen et al., 1969; Wolf et al., 2001). In the present study,
the ETG was able to complete the JTT significantly faster after
participating in an exergame training over 6 weeks compared
to the NTG, at least in left hand performance. Except from
video game training interventions, other lifestyle interventions
have already been shown to be effective in enhancing motor
performance in healthy older adults (Van Roie et al., 2010; Wu
et al., 2010; Kattenstroth et al., 2013; van het Reve and de Bruin,
2014; Eggenberger et al., 2015, 2016). For example, Kattenstroth
et al. (2013) performed a 6-month dance intervention in healthy
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TABLE 4 | Group comparisons of sensormimotor and cognitive performance gains.
Variables

ETG
Median

NTG

Min–max

Median

Min–max

U

p-value

Effect-size r

AEROBIC FITNESS AND SENSORIMOTOR PERFORMANCE
Step test (Index)

10.047

Upper body muscular endurance test (rep.)

−52.73–70.00

−2.236

−104.41–45.05

−1.878

−2.00

−47.06–87.50

−3.226

−81.48–100.00

−0.568

−16.56–19.17

−6.232

−14.03–25.44

−1.615

−32.14–19.50

−8.807

−26.80–9.35

−1.746

−16.12–58.28

−0.611

−18.35–42.23

Grip strength test R (kg)
Grip strength test L (kg)

2.475

1.159

Pinch force test R (kg)

12.512

Pinch force test L (kg)

28.077

Motor reaction time test (cm)

0.00

JTT R (s)

6.652

JTT L (s)

14.747

Back scratch test R (cm)
Back scratch test L (cm)
COP AP EO (mps)
COP AP EC (mps)

−5.13–48.61

17.411

−41.94–23.21

−21.053

0.04–28.87

5.566

−3.40–31.94

2.538

−5.556

−110.00–75.00

−5.263

−3.571

−1900.00–80.00

−4.021
0.00

COP ML EO (mps)

23.132

COP ML EC (mps)

25.238

Touch-test R (mN)

2.104

Touch-test L (mN)

3.074

COGNITION
Alertness (ms)

18.494

−20.74–78.69

4.500

Simple reaction time (ms)

10.185

Working memory (correct)

0.00

Response inhibition (correct)

0.00

0.00

0.063

0.35

0.591

0.11

0.112

0.30

0.081

0.32

0.561

0.11

−1.571

0.123

0.29

−115.79–37.84

0.590

0.561

0.11

−18.00–18.37

−0.567

0.561

0.11

−14.64–12.90

−3.230

0.001*

0.60

−275.00–500.00

−0.611

−230.00–200.00

−0.655

−121.05–50.00

5.00

−56.25–71.11

−1.135

−135.48–60.98

−20.69

−81.82–64.00

−0.131

7.692

−6.98–42.37

−0.873

−36.36–65.52

−0.458

−16.67–27.34

−0.306

−14.10–35.44

−0.284

−32.62–24.97

−1.047

−15.35–18.97

−1.571

−400.00–16.67

−1.263

−10.53–18.75

−1.230

11.11

−94.34–50.79
−119.35–65.56

1.979

−13.91–20.60
−13.94–11.43

3.881

−27.08–25.70

2.026
5.398

−14.90–32.35

0.00

−66–67–200.00

0.00

−5.26–50.00

0.561

0.11

0.533

0.12

0.270

0.21

0.914

0.02

0.400

0.16

0.652

0.09

0.780

0.06

0.780

0.05

0.310

0.19

0.123

0.29

0.217

0.23

0.234

0.23

ET, Exergame Training Group; NTG, No Training Group; Min, Minimum; Max, Maximum; COP, Center of pressure deviation; AP, Anterior-Posterior; ML, medio-lateral; EO, eyes open;
√
EC, eyes closed; Effect-size r: r = |z/ n|; r = 0.01; small effect; r = 0.30: medium effect; r = 0.50: large effect. *indicate significant finding.

improvements in aerobic fitness assessed by a reduction in
maximum and mean heart rate in a 6-min walking test after 12
weeks of Wii-based training. While Maillot et al. (2012) were
using more stationary games without the necessity of leaving
the ground with one foot, in the present study, sport disciplines
which required pronounced efforts in running (100 meter
running) or walking on the spot while performing additional
arm movements (javelin throwing, freestyle swimming, hammer
throwing) were given.
Effects of rather classical aerobic training regimes have
been intensively investigated within the last years, with results
indicating strong associations between cardio-respiratory fitness
and performance in cognition (Kramer et al., 1999; Colcombe
et al., 2006; Erickson et al., 2011; Leckie et al., 2014). Only
a small number of studies have focused on this relationship
using exergame training interventions. These studies showed
that exergames have beneficial effects on executive functions,
processing speed and dual-task-performance which is consistent
with findings on aerobic training (Maillot et al., 2012; Schoene
et al., 2013). Interestingly, in our study we found no significant
between-group evidence for a transfer of exergaming on response
inhibition (in a Go/NoGo task) or on reaction time.
However, when looking at the within-group comparison in
only the ETG, we found significant performance improvements

performance improvement of fine motor skills of the hand, but
also in pinch force of both hands, after 6 weeks of exergame
training.
However, since a direct comparison between ETG and NTG
did not reach significance, our within-group findings need to be
interpreted with caution since sample size might be to small to
reach significant between-group effects. The impact on strength
by exergame training has been reported mainly in clinical studies
with mixed results (Yavuzer et al., 2008; McNulty et al., 2011;
Lee, 2013; Sin and Lee, 2013; Laver et al., 2015). In fact, Lee
(2013) reported that after 6 weeks of exergame training stroke
patients improved in upper body muscle strength which were,
however, not significantly different to a control group who
received occupational therapy. Up to date, only a few studies
were examining exergame trainings using healthy populations
with preliminary results indicating that video game training can
promote lower limb muscle strength in middle aged woman
(Nitz et al., 2010) and older adults (Jorgensen et al., 2013).
However, since we only assessed muscle strength of the upper
limbs, this assessment might have been not specific enough to
capture differential training effects between the ETG and NTG.
The investigated exergame training had no differential effects
on aerobic fitness when comparing ETG with NTG. This is in
contrast to Maillot et al. (2012) where older adults exhibited
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TABLE 5 | Within-group comparison from pre to post.
ETG
Pre median

Post median

W

NTG
p-value

Effect-size r

Pre

Post

W

p-value

Effect-size r

AEROBIC FITNESS AND SENSORIMOTOR PERFORMANCE
Step test (Index)

10.60

8.05

Upper body muscular
endurance test (rep.)

26.00

24.00

Grip strength test R (kg)

21.32

21.17

0.847

0.397

0.23

27.82

35.00

Grip strength test L (kg)

21.09

22.33

−0.094

0.925

0.03

27.67

32.67

Pinch force test R (kg)

6.16

7.40

Pinch force test L (kg)

6.61

6.95

Motor reaction time test (cm)

−1.363
−0.236

−2.542
−2.982

17.00

17.75

JTT R (s)

4.91

4.62

JTT L (s)

5.91

5.27

−3.107

−12.50

−11.00

−1.429

−16.00

−13.50

Back scratch test R (cm)
Back scratch test L (cm)
COP AP EO (mps)

3.90

3.85

COP AP EC (mps)

7.05

6.00

COP ML EO (mps)

2.15

1.80

COP ML EC (mps)

2.90

2.10

Touch-test R (mN)

3.32

3.25

Touch-test L (mN)

3.22

3.12

COGNITION
Alertness (ms)

273.75

241.10

Simple reaction time (ms)

274.55

251.60

Working memory (correct)
Response inhibition (correct)

9.00

10.00

19.00

19.00

−0.045
−3.296

−1.102
−0.440
−2.010
−0.707
−1.992
−1.014
−1.400
−2.291
−2.040
−1.101
−1.706

0.173

0.36

7.50

10.00

0.813

0.06

22.00

20.00

0.011*

0.68

7.11

7.60

0.003*

0.80

6.65

7.33

0.964

0.01

17.00

17.00

0.001*

0.88

4.79

4.68

0.002*

0.83

5.34

0.153

0.38

0.271

0.29

0.660

0.12

−0.943
−1.473
−0.568
−0.682

0.345

0.24

0.141

0.38

0.570

0.15

0.496

0.18

0.069

0.47

0.078

0.45

−0.483

0.629

0.12

0.00

1.00

0.00

5.33

−1.477

0.140

0.38

−2.00

−4.00

−0.399

0.690

0.10

−8.00

−11.00

4.80

5.00

0.044*

0.54

6.60

6.00

0.480

0.19

1.80

1.80

0.046*

0.53

2.80

2.00

0.311

0.27

3.025

3.22

0.162

0.37

3.16

3.16

0.022*

0.61

254.00

238.90

0.041*

0.55

254.90

241.10

0.271

0.29

13.00

11.00

0.088

0.46

19.00

19.00

−1.817
−1.761

−0.537
−1.221
−2.786
−0.566
−2.328
−0.824
−0.398
−1.647
−1.022
−1.630
−0.203

0.591

0.14

0.222

0.32

0.005*

0.72

0.572

0.15

0.020*

0.60

0.410

0.21

0.691

0.10

0.10

0.43

0.307

0.26

0.103

0.42

0.839

0.05

Wilcoxon-Test for two dependent samples, W, Test-statistic for Wilcoxon-test; ETG, Exergame Training Group; NTG, No Training Group; COP, Center of pressure deviation; AP, Anterior√
Posterior; ML, medio-lateral; EO, eyes open; EC, eyes closed; Effect-size r: r = |z/ n|; r = 0.01: small effect; r = 0.30: medium effect; r = 0.50: large effect. *indicate significant
finding.

Interestingly, we found significant performance improvements
in static balance tasks, after 6 weeks of exergame training, in
the ETG as well as in the NTG. This effect was however, only
visible in within-group pre to post comparisons and did not reach
significance for the differential between-group comparisons.
Studies suggested that static (e.g., in quiet stance) and
dynamic postural control (e.g., in perturbation or locomotion)
are governed by different neuromuscular mechanisms. In a study
by Kang and Dingwell (2006) significant differences and no
correlation between dynamic stability properties of walking and
standing have been found. Interestingly, while participants in
the study of Bisson et al. (2007) improved in functional balance,
as assessed by the Community Balance and Mobility Scale, no
significant changes in postural sway during quite stance were
found. A meta analysis on exergaming for balance training
pointed out that instrumental assessments of balance often fails
to detect small changes whereas more functional clinical tests
are too global. van Diest et al. (2013) therefore concluded that
only the usage of both functional and objective-instrumental
measures of balance is reliable for capturing effects on balance
induced by exergame interventions. In the present study, static
balance was administered in an objective-instrumental fashion
by using a force plate. As a consequence, the absence of specific

from before to after the exergame training in alertness and
simple reaction time. Interestingly, this effect was absent in the
NTG. Accordingly, one could speculate that a training period
of 6 weeks might have been too short for inducing distinct
changes in cognition, or that the selected cognitive tests were not
sensitive enough for capturing these. On the other hand, sample
characteristics might have also crucially contributed. Indeed,
while participants of the aforementioned studies were living a
sedentary lifestyle, our study sample was characterized by an
according to their age, healthy and physical active sample of older
adults.
It is well established that poor balance and the risk of falling
seems to be associated with executive functions and attention
since keeping balance requires the integration of somatosensory
informations and is further associated with the control and shift
of attentional resources (Woollacott and Shumway-Cook, 2002;
Granacher et al., 2008; Yogev-Seligmann et al., 2008; Mirelman
et al., 2012; Kearney et al., 2013). Consequently, recent research
suggest that an effective balance training should include more
complex exercises as well as cognitive demands (Halvarsson
et al., 2015). The used exergame sport disciplines required
the performance of highly demanding movements covering
multiple domains within a cognitively challenging environment.
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14.69

Javelin throwing

Frontiers in Human Neuroscience | www.frontiersin.org

−6.29–23.60

−8.52–40.10

2.78

23.29

24.68

Archery

High diving

−2.10–48.82

2.15–43.95

−32.93–68.45
3.233

3.269

2.605

3.110

1.664

1.036

1.572

2.794

2.551

2.132

Z

MS

0.001

0.001

0.009

0.002

0.096

0.300

0.116

0.005

0.011

0.033

p-value

0.86

0.87

0.69

0.83

0.44

0.28

0.42

0.75

0.68

0.57

Effect-size r

22.00

8

35

32

6.00

2.36

1.00

19.2

7.00

3.00

Median

−8–33

−18–21

Min–max

3–46

12–51

−38–149

−7–48

−4–19.00

−11.18–6.37

−7–26

−20.74–109.66

% Improvement from FS to

3.180

3.180

2.621

3.040

2.132

1.852

0.863

2.62

2.552

1.572

Z

LS

0.001

0.001

0.009

0.002

0.033

0.064

0.388

0.009

0.011

0.116

p-value

0.85

0.85

0.70

0.81

0.57

0.49

0.23

0.70

0.68

0.42

Effect-size r

5.00

−1.00

−7.00

−2.00

−2.00

0.79

−2.00

−3.00

0.00

2.00

Median

−9–16

−4–1

−11–6

−48– 25

−5–4

−12.71–6.48

−13–8

−14–25

−16–6

−21–12

Min–max

1.992

−2.621

−0.943

−2.213

−1.363

1.161

−1.782

−0.454

−0.78

−0.549

Z

LS vs. MS

0.009

0.046

−0.345

0.021

0.73

0.245

0.075

0.650

0.937

0.583

p-value

% Improvement from MS to LS

0.53

0.70

0.25

0.59

0.36

0.31

0.48

0.12

0.21

0.15

Effect-size r

FS, First Session; MS, Middle Session; LS, Last Session. All disciplines were trained over 12 sessions, except butterfly and freestyle swimming, as well as hurdles and 100 meter running which were trained only over 6 weeks. For those
disciplines the scores for the MS therefore represent the performance from the 4th session. Scores from the LS represent the performance from the 6th session. For the remaining disciplines MS refers to the score from 6th session and
LS to the 12th session. All values are given in percentage. After Bonferroni correction, a p-value of p < 0.017 was considered as significant.

7.30

19.08

Trampoline

Mountain biking

COORDINATION

Hammer throwing

−8–35

−5.48–4.65

4.00

0.55

Freestyle swimming

−17.56–101.18

−9–39

−1.07–16.84

Min–max

Butterfly swimming

ENDURANCE

6.46

6.00

Hurdles

Median

100 Meter running

STRENGTH

Variables

TABLE 6 | Online learning effects in gaming performance.
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compared to a blocked order training of multiple tasks seems
to promote learning and transfer more efficiently. For the
exergame training used in the present study, participants played
different sport disciplines from which each combined different
quantities of sensorimotor and cognitive demands. Hence, the
training procedure was similar to a random design and we
therefore assumed that the exergame training will translate into
pronounced gains in the post-tests. After 6 weeks of exergame
training, we found improvements in fine motor skill of the
left hand in the ETG with, however, no overall enhancements.
In general, during exercising various peripheral and central
acting physiological processes occur and proceed on different
time scales (Adkins et al., 2006). Thus, for capturing training
induced changes, timing of post-test assessments seems to be
crucial. There are conflicting results regarding the amount of
time separating acquisition and retention tests. John dos Santos
et al. (2014) confirmed superior performance of a practice group,
randomly training a dart throwing task, compared to a block
training group, 24 h after the training. However, no significant
differences in radial distance from the dart to the inner bull were
found 7 and 30 days after training. Contradictory to that, in a
study by Pauwels et al. (2014), the interleaved practice group
outperformed the block group even 1 week after training in
a bimanual tracking task. Moreover, superior performance in
retention tests has been found even 2 weeks after training of
a throwing task (Granda Vera and Montilla, 2003). According
to Lee and Magill (1983) better results in retention following
interleaved practice can be explained by higher cognitive
demands during the acquisition phase since action plans have
to be reconstructed constantly. In the present study, post-tests
in motor performance measures were administered 7 days after
finishing the exergame training intervention. Despite the fact
that we did not have a control group for comparing contextual
practice effects, one could speculate that interference between
the single tasks took place mediated by a information processing
overload. Accordingly, post-test measurements were probably
administered too late or too early for capturing overall changes
in the sensorimotor and cognitive variables.

training-induced effects on balance performance could be due to
the applied test which might have not been able to detect slight
improvements of our training participants.
The sense of touch is essential for daily life since sensorimotor
performance such as keeping balance or motor hand function
depends on afferent tactile informations (Lord et al., 1991;
Tremblay et al., 2003). To date, the potential training of
tactile performance has been mostly investigated using passive
stimulation paradigms such as tactile coactivation where small
skin portions of the finger are directly stimulated for a
few hours. While studies using this procedure demonstrated
that tactile acuity can be restored in older adults (Dinse
et al., 2006; Kalisch et al., 2008), the potential of exercise
interventions is yet largely unexplored. One study reported
that an enriched training environment in the form of dancing
activities over 6 month can induce changes in tactile performance
in healthy elderly (Kattenstroth et al., 2013). Likewise, exergames
provide simultaneous sensorimotor and cognitive demands and
can therefore be considered as environmental enrichment.
Nevertheless, after 6 weeks of exergame training, the ETG
in the present study did not exhibit improvements in tactile
performance. Our result is in line with the study of Nitz et al.
(2010) which could not find significant changes after 10 weeks of
Wii-based training in middle aged woman. Interestingly, it has
been proposed that long term practice in Tai Chi, a whole-body
sensory-attentional exercise, is associated with superior tactile
skills (Kerr et al., 2008, 2016). Hence, it seems that exercise
interventions could provoke benefits in tactile performance but
a training duration of 6 weeks might have been to short for
inducing effects, or the assessment procedure used, was not
specific enough to capture training-induced improvements in
tacile performance in older adults

Context Interference and Timing of Post
Assessments Crucial for Capturing
Training-Induced Effects
In the present study, we especially were interested in whether
a multi-domain exergame training is able to foster transfer
effects to untrained tasks resulting in significant improvements
in a variety of sensorimotor and cognitive assessments. Lustig
et al. (2009) reviewed different training types with respect
to their effectiveness in improving cognitive functioning in
older adults. They pointed out that multi-modal approaches
often exhibit broad benefits with, however, relatively small
effect sizes. Most of the reviewed multi-modal studies did not
include longitudinal follow-up assessments and therefore cannot
exclude the possibility that results might have been influenced
by interference. The context interference effect suggests that
learning of multiple tasks will lead to a poorer initial practice
performance but induce superior gains in subsequent retention
tests as well as transfer to untrained tasks (Magill and Hall,
1990). Numerous studies investigating simple motor paradigms
(Lee and Magill, 1983; Albaret and Thon, 1998; Giuffrida et al.,
2002; Sidaway et al., 2016) or more complex real-life motor
skills (Bortoli et al., 1992; Hall et al., 1994; Sherwood, 1996;
Tsutsui et al., 1998; Babo et al., 2008) concluded that a random
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Limitations
As a consequence, one limitation of the present study is that we
did not examine performance changes in retention tests 2 weeks
after training completion. Therefore, it is not possible to draw
conclusions about the persistence as well as about the dynamics of
behavioral benefits induced by the exergame training. Hence, to
draw a comprehensive picture, future studies should include long
term retention tests. Furthermore, we did not enroll additional
comparison groups to distinguish the domains which were
potentially driving the improvements. With the used passive
control group, we have accounted for test-retest effects. When
investigating effects on motor and cognitive outcome variables
manipulated by exergaming, future studies should include a
physical activity and cognitive training group for controlling the
contribution of each of those domains. Hall et al. (2012) reviewed
studies about exergaming in the elderly and consequently
emphasized the high potential on physical and mental health
outcomes such as enhanced physical mobility, balance, attention,
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However, the only exergaming-induced difference was a superior
behavioral gain in fine motor skills of the left hand. However,
when assessing behavioral improvements of the ETG alone, we
saw significant improvements in pinch force, fine motor skills,
static balance, and cognitive function, while the assessment of
the NTG alone only showed significant improvements in static
balance. In conclusion, we found evidence, that 6 weeks of
exergame training result in improved gaming performance, but
our behavioral assessment was probably not sensitive enough
to capture rather global improvements on sensorimotor and
cognitive function in older adults.
Therefore, future studies should control for potential driving
variables with simultaneous and careful consideration of sample
characteristics. Additionally, more knowledge is needed about
the underlying neuronal adaptations induced by exergaming
which could be of high relevance in preventing pathological agerelated brain alterations. Future studies should therefore include
neuroimaging assessments in order to identify key regions and
significant mental processes acting in multi-domain exergames.

and information processing. Nevertheless, concerns have been
addressed regarding methodological issues especially about
differences in frequency and duration of interventions as well
as the low number of participants. Regarding the duration
of physical training interventions, Colcombe and Kramer
(2003) stated that a short training period between 1 up to 3
month already showed moderate effects on cognitive function,
while longer training periods show substantially larger effects.
Accordingly, studies applying the exergame training within this
period were able to show significant effects on cognition as
well as motor performance (Nitz et al., 2010; Maillot et al.,
2012). However, these studies were using participants having a
predominantly sedentary lifestyle. In the present study, a sample
of active older adults has been used and it is therefore conceivable
that the training period of 6 weeks might have been too short for
inducing overall effects in active elderly.
However, since we were rather interested in the exploratory
investigation on the effects of an commercially available
exergame, which is not specificially designed to enhance
sensorimotor and cognitive functions, it is possible, that the
behavioral improvements only resulted in significant in-game
improvements and did not translate into improvements of the
specific assessments of sensorimotor and cognitive functions.
Finally, for some of our outcome measures (e.g., endurance tests,
back scratch test, COP measures), there is no information about
the reliability of the respective test available. Hence, our results
should be interpreted with caution especially because our study
might in fact be underpowered.

AUTHOR CONTRIBUTIONS
MO, AV, and PR designed the study. MH and EK helped during
data acquisition. MO analyzed the data. MO, MH, EK, and PR
wrote the manuscript. All authors were involved in discussing
data.

FUNDING
MO received a PhD student stipend from the Max Planck
International Research Network on Aging (MaxNetAging).

CONCLUSIONS
In summary, the present study was the first which addressed the
question whether a whole-body exergame training can promote a
broad range of sensorimotor and cognitive functions in healthy
and active older adults. Interestingly, we observed significant
in-game improvements of the exergame training, which was
mainly present in disciplines requiring high coordination skills.

ACKNOWLEDGMENTS
We wish to thank Sophia Rose, Pauline Bassler, Claudia Predel,
Rouven Kenville as well as Tom Maudrich for helpful support in
conducting the study.

REFERENCES

Baniqued, P. L., Kranz, M. B., Voss, M. W., Lee, H., Cosman, J. D., Severson, J.,
et al. (2014). Cognitive training with casual video games: points to consider.
Front. Psychol. 4:1010. doi: 10.3389/fpsyg.2013.01010
Bherer, L., Erickson, K. I., and Liu-Ambrose, T. (2013). A review of the effects of
physical activity and exercise on cognitive and brain functions in older adults.
J. Aging Res. 2013:657508. doi: 10.1155/2013/657508
Bisson, E., Contant, B., Sveistrup, H., and Lajoie, Y. (2007). Functional
balance and dual-task reaction times in older adults are improved by
virtual reality and biofeedback training. Cyberpsychol. Behav. 10, 16–23.
doi: 10.1089/cpb.2006.9997
Bortoli, L., Robazza, C., Durigon, V., and Carra, C. (1992). Effects of contextual
interference on learning technical sports skills. Percept. Mot. Skills 75, 555–562.
doi: 10.2466/pms.1992.75.2.555
Burgess, J. K., Bareither, R., and Patton, J. L. (2007). Single limb performance
following contralateral bimanual limb training. IEEE Trans. Neural Syst.
Rehabil. Eng. 15, 347–355. doi: 10.1109/TNSRE.2007.903908
Chang, W.-D., Chang, W.-Y., Lee, C.-L., and Feng, C.-Y. (2013). Validity
and reliability of wii fit balance board for the assessment of balance of
healthy young adults and the elderly. J. Phys. Ther. Sci. 25, 1251–1253.
doi: 10.1589/jpts.25.1251

Adkins, D. L., Boychuk, J., Remple, M. S., and Kleim, J. A. (2006). Motor training
induces experience-specific patterns of plasticity across motor cortex and spinal
cord. J. Appl. Physiol. 101, 1776–1782. doi: 10.1152/japplphysiol.00515.2006
Albaret, J. M., and Thon, B. (1998). Differential effects of task complexity on
contextual interference in a drawing task. Acta Psychol. 100, 9–24.
American College of Sports Medicine (2010). ACSM’s Resource Manual for
Guidelines for Exercise Testing and Prescription, 6th Edn. New York, NY:
Lippincott, Williams and Wilkins.
Angevaren, M., Aufdemkampe, G., Verhaar, H. J. J., Aleman, A., and Vanhees, L.
(2008). Physical activity and enhanced fitness to improve cognitive function
in older people without known cognitive impairment. Cochrane Database Syst.
Rev. 16:CD005381. doi: 10.1002/14651858.CD005381.pub3
Babo, A. G. F., Azevedo Neto, R. M., and Teixeira, L. A. (2008). Adaptability from
contextual interference in the learning of an open skill is context dependent.
Open Sports Med. J. 2, 56–59. doi: 10.2174/1874387000802010056
Bamidis, P. D., Vivas, A. B., Styliadis, C., Frantzidis, C., Klados, M., Schlee, W.,
et al. (2014). A review of physical and cognitive interventions in aging. Neurosci.
Biobehav. Rev. 44, 206–220. doi: 10.1016/j.neubiorev.2014.03.019

Frontiers in Human Neuroscience | www.frontiersin.org

14

April 2017 | Volume 11 | Article 160

Ordnung et al.

Exergaming Improves Motor Performance

Hall, A. K., Chavarria, E., Maneeratana, V., Chaney, B. H., and Bernhardt, J. M.
(2012). Health benefits of digital videogames for older adults: a systematic
review of the literature. Games Health J. 1, 402–410. doi: 10.1089/g4h.2012.0046
Hall, K. G., Domingues, D. A., and Cavazos, R. (1994). Contextual interference
effects with skilled baseball players. Percept. Motor Skills 78(3 Pt 1), 835–841.
doi: 10.2466/pms.1994.78.3.835
Halvarsson, A., Oddsson, L., Franzén, E., and Ståhle, A. (2015). Long-term effects
of a progressive and specific balance-training programme with multi-task
exercises for older adults with osteoporosis: a randomized controlled study.
Clin. Rehabil. 30, 1049–1059. doi: 10.1177/0269215515605553
Hertzog, C., Kramer, A. F., Wilson, R. S., and Lindenberger, U. (2008). Enrichment
effects on adult cognitive development: can the functional capacity of older
adults be preserved and enhanced? Psychol. Sci. Public Interest 9, 1–65.
doi: 10.1111/j.1539-6053.2009.01034.x
Heuninckx, S., Wenderoth, N., and Swinnen, S. P. (2008). Systems
neuroplasticity in the aging brain: recruiting additional neural resources
for successful motor performance in elderly persons. J. Neurosci. 28, 91–99.
doi: 10.1523/JNEUROSCI.3300-07.2008
Hinder, M. R., Carroll, T. J., and Summers, J. J. (2013). Transfer of ballistic motor
skill between bilateral and unilateral contexts in young and older adults: neural
adaptations and behavioral implications. J. Neurophysiol. 109, 2963–2971.
doi: 10.1152/jn.00535.2012
Jebsen, R. H., Taylor, N., Trieschmann, R. B., Trotter, M. J., and Howard, L. A.
(1969). An objective and standardized test of hand function. Arch. Phys. Med.
Rehabil. 50, 311–319.
John dos Santos, J., Henrique Bastos, F., de Oliveira Souza, T.,
and Cesar Corrêa, U. (2014). Contextual interference effect
depends on the amount of time separating acquisition and
testing. Adv. Phys. Educ. 4, 102–109. doi: 10.4236/ape.2014.
42014
Jorgensen, M. G., Laessoe, U., Hendriksen, C., Nielsen, O. B. F., and Aagaard,
P. (2013). Efficacy of Nintendo Wii training on mechanical leg muscle
function and postural balance in community-dwelling older adults: a
randomized controlled trial. J. Gerontol. A Biol. Sci. Med. Sci. 68, 845–852.
doi: 10.1093/gerona/gls222
Kalisch, T., Tegenthoff, M., and Dinse, H. R. (2008). Improvement of sensorimotor
functions in old age by passive sensory stimulation. Clin. Interv. Aging 3,
673–690. doi: 10.2147/CIA.S3174
Kang, H. G., and Dingwell, J. B. (2006). A direct comparison of local dynamic
stability during unperturbed standing and walking. Exp. Brain Res. 172, 35–48.
doi: 10.1007/s00221-005-0224-6
Kattenstroth, J.-C., Kalisch, T., Holt, S., Tegenthoff, M., and Dinse, H. R. (2013). Six
months of dance intervention enhances postural, sensorimotor, and cognitive
performance in elderly without affecting cardio-respiratory functions. Front.
Aging Neurosci. 5:5. doi: 10.3389/fnagi.2013.00005
Kearney, F. C., Harwood, R. H., Gladman, J. R. F., Lincoln, N., and Masud,
T. (2013). The relationship between executive function and falls and gait
abnormalities in older adults: a systematic review. Dement. Geriatr. Cogn.
Disord. 36, 20–35. doi: 10.1159/000350031
Kerr, C. E., Agrawal, U., and Nayak, S. (2016). The effects of tai chi practice
on intermuscular beta coherence and the rubber hand illusion. Front. Hum.
Neurosci. 10:37. doi: 10.3389/fnhum.2016.00037
Kerr, C. E., Shaw, J. R., Wasserman, R. H., Chen, V. W., Kanojia,
A., Bayer, T., et al. (2008). Tactile acuity in experienced Tai Chi
practitioners: evidence for use dependent plasticity as an effect of sensoryattentional training. Exp. Brain Res. 188, 317–322. doi: 10.1007/s00221-0081409-6
Konopack, J. F., Marquez, D. X., Hu, L., Elavsky, S., McAuley, E., and Kramer, A.
F. (2008). Correlates of functional fitness in older adults. Int. J. Behav. Med. 15,
311–318. doi: 10.1080/10705500802365557
Konrad, H. R., Girardi, M., and Helfert, R. (1999). Balance and aging. Laryngoscope
109, 1454–1460. doi: 10.1097/00005537-199909000-00019
Kramer, A. F., Hahn, S., Cohen, N. J., Banich, M. T., McAuley, E., Harrison, C. R.,
et al. (1999). Ageing, fitness and neurocognitive function. Nature 400, 418–419.
doi: 10.1038/22682
Krampe, R. T. (2002). Aging, expertise and fine motor movement.
Neurosci. Biobehav. Rev. 26, 769–776. doi: 10.1016/S0149-7634(02)
00064-7

Christensen, H., Mackinnon, A., Jorm, A. F., Henderson, A. S., Scott, L. R., and
Korten, A. E. (1994). Age differences and interindividual variation in cognition
in community-dwelling elderly. Psychol. Aging 9, 381–390.
Ciolac, E. G. (2013). Exercise training as a preventive tool for age-related disorders:
a brief review. Clinics (Saao Paulo) 68, 710–717. doi: 10.6061/clinics/2013(05)20
Colcombe, S. J., Erickson, K. I., Scalf, P. E., Kim, J. S., Prakash, R., McAuley, E.,
et al. (2006). Aerobic exercise training increases brain volume in aging humans.
J. Gerontol. A Biol. Sci. Med. Sci. 61, 1166–1170. doi: 10.1093/gerona/61.11.1166
Colcombe, S., and Kramer, A. F. (2003). Fitness effects on the cognitive
function of older adults: a meta-analytic study. Psychol. Sci. 14, 125–130.
doi: 10.1111/1467-9280.t01-1-01430
Coubard, O. A., Ferrufino, L., Nonaka, T., Zelada, O., Bril, B., and Dietrich,
G. (2014). One month of contemporary dance modulates fractal
posture in aging. Front. Aging Neurosci. 6:17. doi: 10.3389/fnagi.2014.
00017
da Silva Ribeiro, N. M., Ferraz, D. D., Pedreira, É., Pinheiro, Í., da Silva Pinto,
A. C., Neto, M. G., et al. (2015). Virtual rehabilitation via Nintendo Wii R and
conventional physical therapy effectively treat post-stroke hemiparetic patients.
Top. Stroke Rehabil. 22, 299–305. doi: 10.1179/1074935714Z.0000000017
Del Rossi, G., Malaguti, A., and Del Rossi, S. (2014). Practice effects associated
with repeated assessment of a clinical test of reaction time. J. Athl. Train. 49,
356–359. doi: 10.4085/1062-6059-49.2.04
Dinse, H. R., Kleibel, N., Kalisch, T., Ragert, P., Wilimzig, C., and Tegenthoff,
M. (2006). Tactile coactivation resets age-related decline of human tactile
discrimination. Ann. Neurol. 60, 88–94. doi: 10.1002/ana.20862
Eggenberger, P., Theill, N., Holenstein, S., Schumacher, V., and de Bruin, E. D.
(2015). Multicomponent physical exercise with simultaneous cognitive training
to enhance dual-task walking of older adults: a secondary analysis of a 6month randomized controlled trial with 1-year follow-up. Clin. Interv. Aging
10, 1711–1732. doi: 10.2147/CIA.S91997
Eggenberger, P., Wolf, M., Schumann, M., and de Bruin, E. D. (2016). Exergame
and balance training modulate prefrontal brain activity during walking and
enhance executive function in older adults. Front. Aging Neurosci. 8:66.
doi: 10.3389/fnagi.2016.00066
Erickson, K. I., Voss, M. W., Prakash, R. S., Basak, C., Szabo, A., Chaddock, L.,
et al. (2011). Exercise training increases size of hippocampus and improves
memory. Proc. Natl. Acad. Sci. U.S.A. 108, 3017–3022. doi: 10.1073/pnas.10159
50108
Fabre, C., Chamari, K., Mucci, P., Massé-Biron, J., and Préfaut, C. (2002).
Improvement of cognitive function by mental and/or individualized aerobic
training in healthy elderly subjects. Int. J. Sports Med. 23, 415–421.
doi: 10.1055/s-2002-33735
Folstein, M. F., Robins, L. N., and Helzer, J. E. (1983). The mini-mental state
examination. Arch. Gen. Psychiatry 40:812. doi: 10.1016/0022-3956(75)90026-6
Fozard, J. L., Vercryssen, M., Reynolds, S. L., Hancock, P. A., and Quilter,
R. E. (1994). Age differences and changes in reaction time: the Baltimore
Longitudinal Study of Aging. J. Gerontol. 49, P179–P189.
Franklin, S. S., Larson, M. G., Khan, S. A., Wong, N. D., Leip, E. P., Kannel, W. B.,
et al. (2001). Does the relation of blood pressure to coronary heart disease risk
change with aging? The Framingham Heart Study. Circulation 103, 1245–1249.
doi: 10.1161/01.CIR.103.9.1245
Giuffrida, C., Lare, G., Shea, J. B., and Fairbrother, J. T. (2002). Differential
transfer benefits of increased practice for constant, blocked, and serial practice
schedules. J. Mot. Behav. 34, 353–365. doi: 10.1080/00222890209601953
Goble, D. J., Coxon, J. P., Van Impe, A., De Vos, J., Wenderoth, N., and Swinnen,
S. P. (2010). The neural control of bimanual movements in the elderly: brain
regions exhibiting age-related increases in activity, frequency-induced neural
modulation, and task-specific compensatory recruitment. Hum. Brain Mapp.
31, 1281–1295. doi: 10.1002/hbm.20943
Granacher, U., Zahner, L., and Gollhofer, A. (2008). Strength, power, and postural
control in seniors: considerations for functional adaptations and for fall
prevention. Eur. J. Sport Sci. 8, 325–340. doi: 10.1080/17461390802478066
Granda Vera, J., and Montilla, M. M. (2003). Practice schedule and acquisition,
retention, and transfer of a throwing task in 6-yr.-old children. Percept. Motor
Skills 96(3 Pt 1), 1015–1024. doi: 10.2466/pms.2003.96.3.1015
Green, C. S., and Seitz, A. R. (2015). The impacts of video games on cognition (and
how the government can guide the industry). Policy Insights Behav. Brain Sci. 2,
101–110. doi: 10.1177/2372732215601121

Frontiers in Human Neuroscience | www.frontiersin.org

15

April 2017 | Volume 11 | Article 160

Ordnung et al.

Exergaming Improves Motor Performance

Nitz, J. C., Kuys, S., Isles, R., and Fu, S. (2010). Is the Wii Fit a new-generation
tool for improving balance, health and well-being? A pilot study. Climacteric
13, 487–491. doi: 10.3109/13697130903395193
Ogawa, E. F., You, T., and Leveille, S. G. (2016). Potential benefits of exergaming
for cognition and dual-task function in older adults: a systematic review. J.
Aging Phys. Act. 24, 332–336. doi: 10.1123/japa.2014-0267
Oldfield, R. C. (1971). The assessment and analysis of handedness: the
Edinburgh inventory. Neuropsychologia 9, 97–113. doi: 10.1016/0028-3932(71)
90067-4
Oswald, W. D., Gunzelmann, T., Rupprecht, R., and Hagen, B. (2006). Differential
effects of single versus combined cognitive and physical training with older
adults: the SimA study in a 5-year perspective. Eur. J. Ageing 3, 179–192.
doi: 10.1007/s10433-006-0035-z
Paquin, K., Ali, S., Carr, K., Crawley, J., McGowan, C., and Horton, S. (2015).
Effectiveness of commercial video gaming on fine motor control in chronic
stroke within community-level rehabilitation. Disabil. Rehabil. 37, 2184–2191.
doi: 10.3109/09638288.2014.1002574
Park, D. C., Lautenschlager, G., Hedden, T., Davidson, N. S., Smith, A. D., and
Smith, P. K. (2002). Models of visuospatial and verbal memory across the adult
life span. Psychol. Aging 17, 299–320. doi: 10.1037/0882-7974.17.2.299
Pauwels, L., Swinnen, S. P., and Beets, I. A. M. (2014). Contextual interference
in complex bimanual skill learning leads to better skill persistence. PLoS ONE
9:e100906. doi: 10.1371/journal.pone.0100906
Pichierri, G., Murer, K., and de Bruin, E. D. (2012). A cognitive-motor intervention
using a dance video game to enhance foot placement accuracy and gait under
dual task conditions in older adults: a randomized controlled trial. BMC
Geriatr. 12:74. doi: 10.1186/1471-2318-12-74
Pietrzak, E., Cotea, C., and Pullman, S. (2014). Using commercial video games
for upper limb stroke rehabilitation: is this the way of the future? Top. Stroke
Rehabil. 21, 152–162. doi: 10.1310/tsr2102-152
Ravaglia, G., Forti, P., Lucicesare, A., Pisacane, N., Rietti, E., Bianchin, M.,
et al. (2008). Physical activity and dementia risk in the elderly: findings
from a prospective Italian study. Neurology 70(19 Pt 2), 1786–1794.
doi: 10.1212/01.wnl.0000296276.50595.86
Rodríguez Cabrero, M. (2015). Physical activity and leisure habits and heir relation
with the ruffier index in adolescents. Rev. Int. Med. Cienc Act. Física Deporte
15:165. doi: 10.15366/rimcafd2015.57
Rowe, J. W., and Kahn, R. L. (1997). Successful aging. Gerontologist 37, 433–440.
doi: 10.1093/geront/37.4.433
RStudio Team (2015). RStudio: Integrated Developement for R. Boston, MA;
RStudio, Inc. Availble online at: http://www.rstudio.com
Sacco, R. L., Gan, R., Boden-Albala, B., Lin, I. F., Kargman, D. E., Hauser,
W., et al. (1998). Leisure-time physical activity and ischemic stroke risk: the
Northern Manhattan Stroke Study. Stroke 29, 380–387. doi: 10.1161/01.STR.
29.2.380
Salthouse, T. A. (2004). What and when of cognitive aging. Curr. Dir. Psychol. Sci.
doi: 10.1111/j.0963-7214.2004.00293.x
Sato, K., Kuroki, K., Saiki, S., and Nagatomi, R. (2014). The effects of
exercise intervention using KinectTM on healthy elderly individuals: a quasiexperimental study. Open J. Ther. Rehabil. 2, 38–44. doi: 10.4236/ojtr.2014.
21008
Schoene, D., Lord, S. R., Delbaere, K., Severino, C., Davies, T. A., and Smith,
S. T. (2013). A randomized controlled pilot study of home-based step
training in older people using videogame technology. PLoS ONE 8:e57734.
doi: 10.1371/journal.pone.0057734
Schulze, K., Lüders, E., and Jäncke, L. (2002). Intermanual transfer in a simple
motor task. Cortex 38, 805–815. doi: 10.1016/S0010-9452(08)70047-9
Sherwood, D. E. (1996). The benefits of random variable practice for spatial
accuracy and error detection in a rapid aiming task. Res. Q. Exerc. Sport 67,
35–43. doi: 10.1080/02701367.1996.10607923
Sidaway, B., Ala, B., Baughman, K., Glidden, J., Cowie, S., Peabody, A., et al.
(2016). Contextual interference can facilitate motor learning in older adults
and in individuals with Parkinson’s Disease. J. Mot. Behav. 48, 509–518.
doi: 10.1080/00222895.2016.1152221
Sin, H., and Lee, G. (2013). Additional virtual reality training using xbox kinect
in stroke survivors with hemiplegia. Am. J. Phys. Med. Rehabil. 92, 871–880.
doi: 10.1097/PHM.0b013e3182a38e40

Lampit, A., Hallock, H., and Valenzuela, M. (2014). Computerized cognitive
training in cognitively healthy older adults: a systematic review and metaanalysis of effect modifiers. PLoS Med. 11:e1001756. doi: 10.1371/journal.
pmed.1001756
Lauenroth, A., Ioannidis, A. E., and Teichmann, B. (2016). Influence of combined
physical and cognitive training on cognition: a systematic review. BMC Geriatr.
16:141. doi: 10.1186/s12877-016-0315-1
Laver, K. E., George, S., Thomas, S., Deutsch, J. E., and Crotty, M. (2015). Virtual
reality for stroke rehabilitation. Cochrane Database Syst. Rev. CD008349.
doi: 10.1002/14651858.CD008349.pub3
Leckie, R. L., Oberlin, L. E., Voss, M. W., Prakash, R. S., Szabo-Reed, A., ChaddockHeyman, L., et al. (2014). BDNF mediates improvements in executive
function following a 1-year exercise intervention. Front. Hum. Neurosci. 8:985.
doi: 10.3389/fnhum.2014.00985
Lee, G. (2013). Effects of training using video games on the muscle strength, muscle
tone, and activities of daily living of chronic stroke patients. J. Phys. Ther. Sci.
25, 595–597. doi: 10.1589/jpts.25.595
Lee, T. D., and Magill, R. A. (1983). The locus of contextual interference in
motor-skill acquisition. J. Exp. Psychol. 9, 730–746. doi: 10.1037/0278-7393.
9.4.730
Li, K. Z. H., and Lindenberger, U. (2002). Relations between aging
sensory/sensorimotor and cognitive functions. Neurosci. Biobehav. Rev.
26, 777–783. doi: 10.1016/S0149-7634(02)00073-8
Liffiton, J. A., Horton, S., Baker, J., and Weir, P. L. (2012). Successful aging: how
does physical activity influence engagement with life? Eur. Rev. Aging Phys. Act.
9, 103–108. doi: 10.1007/s11556-012-0098-0
Lord, S. R., Clark, R. D., and Webster, I. W. (1991). Postural stability and associated
physiological factors in a population of aged persons. J. Gerontol. 46, M69–M76.
Lustig, C., Shah, P., Seidler, R., and Reuter-Lorenz, P. A. (2009). Aging, training,
and the brain: a review and future directions. Neuropsychol. Rev. 19, 504–522.
doi: 10.1007/s11065-009-9119-9
Magill, R. A., and Hall, K. G. (1990). A review of the contextual
interference effect in motor skill acquisition. Hum. Mov. Sci. 9, 241–289.
doi: 10.1016/0167-9457(90)90005-X
Maillot, P., Perrot, A., and Hartley, A. (2012). Effects of interactive physical-activity
video-game training on physical and cognitive function in older adults. Psychol.
Aging 27, 589–600. doi: 10.1037/a0026268
Marston, H. R., and Smith, S. T. (2012). Interactive videogame technologies to
support independence in the elderly: a narrative review. Games Health J. 1,
139–152. doi: 10.1089/g4h.2011.0008
Mattay, V. S., Fera, F., Tessitore, A., Hariri, A. R., Das, S., Callicott, J. H., et al.
(2002). Neurophysiological correlates of age-related changes in human motor
function. Neurology 58, 630–635. doi: 10.1212/WNL.58.4.630
McCombe Waller, S., and Whitall, J. (2008). Bilateral arm training: why and who
benefits? NeuroRehabil. 23, 29–41.
McNulty, P., Mouawad, M., Doust, C., and Max, M. (2011). Wii-based movement
therapy to promote improved upper extremity function post-stroke: a pilot
study. J. Rehabil. Med. 43, 527–533. doi: 10.2340/16501977-0816
Menec, V. H. (2003). The relation between everyday activities and successful aging:
a 6-year longitudinal study. J. Gerontol. B Psychol. Sci. Soc. Sci. 58, S74–S82.
doi: 10.1093/GERONB/58.2.S74
Middleton, K. K., Hamilton, T., Tsai, P.-C., Middleton, D. B., Falcone, J. L.,
and Hamad, G. (2013). Improved nondominant hand performance on a
laparoscopic virtual reality simulator after playing the Nintendo Wii. Surg.
Endosc. 27, 4224–4231. doi: 10.1007/s00464-013-3027-z
Mirelman, A., Herman, T., Brozgol, M., Dorfman, M., Sprecher, E., Schweiger, A.,
et al. (2012). Executive function and falls in older adults: new findings from
a five-year prospective study link fall risk to cognition. PLoS ONE 7:e40297.
doi: 10.1371/journal.pone.0040297
Morse, C. K. (1993). Does variability increase with age? An archival study of
cognitive measures. Psychol. Aging 8, 156–164.
Nelson, E. A., and Dannefer, D. (1992). Aged heterogeneity: fact or fiction? The
fate of diversity in gerontological research. Gerontologist 32, 17–23.
Nicholson, V. P., McKean, M., Lowe, J., Fawcett, C., and Burkett, B. (2015). Six
weeks of unsupervised Nintendo Wii Fit gaming is effective at improving
balance in independent older adults. J. Aging Phys. Act. 23, 153–158.
doi: 10.1123/japa.2013-0148

Frontiers in Human Neuroscience | www.frontiersin.org

16

April 2017 | Volume 11 | Article 160

Ordnung et al.

Exergaming Improves Motor Performance

Voelcker-Rehage, C., Godde, B., and Staudinger, U. M. (2011). Cardiovascular
and coordination training differentially improve cognitive performance
and neural processing in older adults. Front. Hum. Neurosci. 5:26.
doi: 10.3389/fnhum.2011.00026
Voss, M. W., Heo, S., Prakash, R. S., Erickson, K. I., Alves, H., Chaddock,
L., et al. (2013). The influence of aerobic fitness on cerebral white matter
integrity and cognitive function in older adults: results of a one-year
exercise intervention. Hum. Brain Mapp. 34, 2972–2985. doi: 10.1002/hbm.
22119
Ward, N. S. (2006). Compensatory mechanisms in the aging motor system. Ageing
Res. Rev. 5, 239–254. doi: 10.1016/j.arr.2006.04.003
Wittmann, F., Held, J. P., Lambercy, O., Starkey, M. L., Curt, A., Höver,
R., et al. (2016). Self-directed arm therapy at home after stroke with a
sensor-based virtual reality training system. J. Neuroeng. Rehabil. 13:75.
doi: 10.1186/s12984-016-0182-1
Wolf, S. L., Catlin, P. A., Ellis, M., Archera, L., Morgan, B., and Piacentino, A.
(2001). Assessing Wolf motor function test as outcome measure for research in
patients after stroke. Stroke 32, 1635–1639. doi: 10.1161/01.STR.32.7.1635
Woollacott, M., and Shumway-Cook, A. (2002). Attention and the control of
posture and gait: a review of an emerging area of research. Gait Posture 16,
1–14. doi: 10.1016/S0966-6362(01)00156-4
Wu, W., Wei, T.-S., Chen, S.-K., Chang, J.-J., Guo, L.-Y., and Lin, H.-T. (2010).
The effect of chinese yuanji-dance on dynamic balance and the associated
attentional demands in elderly adults. J. Sports Sci. Med. 9, 119–126.
Yavuzer, G., Senel, A., Atay, M. B., and Stam, H. J. (2008). Playstation eyetoy
games improve upper extremity-related motor functioning in subacute stroke:
a randomized controlled clinical trial. Eur. J. Phys. Rehabil. Med. 44, 237–244.
Yogev-Seligmann, G., Hausdorff, J. M., and Giladi, N. (2008). The role of
executive function and attention in gait. Mov. Disord. 23, 329–342; quiz 472.
doi: 10.1002/mds.21720
Zimmermann, P., and Fimm, B. (1995). Test for Attentional performance (TAP).
Herzogenrath: PsyTest. 76–77.

Smith, C. D., Umberger, G. H., Manning, E. L., Slevin, J. T., Wekstein, D. R.,
Schmitt, F. A., et al. (1999). Critical decline in fine motor hand movements in
human aging. Neurology 53, 1458–1461. doi: 10.1212/WNL.53.7.1458
Stevens, J. C., and Choo, K. K. (1996). Spatial acuity of the body surface over
the life span. Somatosens. Mot. Res. 13, 153–166. doi: 10.3109/089902296090
51403
Stewart, J. C., Tran, X., and Cramer, S. C. (2014). Age-related variability in
performance of a motor action selection task is related to differences in
brain function and structure among older adults. Neuroimage 86, 326–34.
doi: 10.1016/j.neuroimage.2013.10.016
Strawbridge, W. J., Deleger, S., Roberts, R. E., and Kaplan, G. A. (2002). Physical
activity reduces the risk of subsequent depression for older adults. Am. J.
Epidemiol. 156, 328–334. doi: 10.1093/AJE/KWF047
Toril, P., Reales, J. M., and Ballesteros, S. (2014). Video game training enhances
cognition of older adults: a meta-analytic study. Psychol. Aging 29, 706–716.
doi: 10.1037/a0037507
Tremblay, F., Wong, K., Sanderson, R., and Coté, L. (2003). Tactile
spatial acuity in elderly persons: assessment with grating domes and
relationship with manual dexterity. Somatosens. Mot. Res. 20, 127–132.
doi: 10.1080/0899022031000105154
Tsutsui, S., Lee, T. D., and Hodges, N. J. (1998). Contextual interference in
learning new patterns of bimanual coordination. J. Mot. Behav. 30, 151–157.
doi: 10.1080/00222899809601332
van Diest, M., Lamoth, C. J. C., Stegenga, J., Verkerke, G. J., and Postema, K.
(2013). Exergaming for balance training of elderly: state of the art and future
developments. J. Neuroeng. Rehabil. 10:101. doi: 10.1186/1743-0003-10-101
van Diest, M., Stegenga, J., Wörtche, H. J., Verkerke, G. J., Postema, K., and
Lamoth, C. J. C. (2016). Exergames for unsupervised balance training at
home: a pilot study in healthy older adults. Gait Posture 44, 161–167.
doi: 10.1016/j.gaitpost.2015.11.019
van het Reve, E., and de Bruin, E. D. (2014). Strength-balance supplemented with
computerized cognitive training to improve dual task gait and divided attention
in older adults: a multicenter randomized-controlled trial. BMC Geriatr. 14:134.
doi: 10.1186/1471-2318-14-134
Van Roie, E., Delecluse, C., Opdenacker, J., De Bock, K., Kennis, E., and Boen,
F. (2010). Effectiveness of a lifestyle physical activity versus a structured
exercise intervention in older adults. J. Aging Phys. Act. 18, 335–352.
doi: 10.1123/japa.18.3.335
Verhaeghen, P., and Cerella, J. (2002). Aging, executive control, and
attention: a review of meta-analyses. Neurosci. Biobehav. Rev. 26, 849–857.
doi: 10.1016/S0149-7634(02)00071-4
Voelcker-Rehage, C., Godde, B., and Staudinger, U. M. (2010). Physical and motor
fitness are both related to cognition in old age. Eur. J. Neurosci. 31, 167–176.
doi: 10.1111/j.1460-9568.2009.07014.x

Frontiers in Human Neuroscience | www.frontiersin.org

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2017 Ordnung, Hoff, Kaminski, Villringer and Ragert. This is an openaccess article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) or licensor are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

17

April 2017 | Volume 11 | Article 160

