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Immediate Effects on Brain Activity
of Older People During Stroop Task in
fMRI? — A Randomized Controlled
Trial With Crossover Design
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Background: Elderly people are affected by processes leading to decline in various
aspects of daily living that impair their quality of life. Regarding neurological aspects,
executive functions have been shown to be valuable for daily life and to slow decline
during aging. Most intervention studies intended to improve cognitive functions during
aging specifically address long-term destructive processes and countermeasures.
However, to an increasing degree, studies also investigate the acute benefits that prove
to be useful for daily life, such as physical exercise or video games in the form of exercise
video gaming (“exergaming”). Because little is known about the change in cognitive ability
following acute intervention of a combination of physical exercise and video gaming,
especially for older people, this work is designed as an attempt to address this matter.

Abbreviations: ACC, anterior cingulate cortex; BDNF, brain-derived neurotrophic factor; BOLD, blood oxygenation
level-dependent; CONSORT, Consolidated Standards of Reporting Trials; DLPFC, dorsolateral prefrontal cortex; EPI,
echo-planar functional image; Exergaming, exercise video gaming; FAB, Frontal Assessment Battery at bedside; FEW,
family wise error; fMRI, functional magnetic resonance imaging; fNIRS, functional near-infrared spectroscopy; FPA,
frontopolar area; FWHM, full width at half maximum; GLM, general linear model; HRF, hemodynamic response function;
IGF-1, insulin-like growth factor 1; IPAQ, International Physical Activity Questionnaire; L-DLPFC, left dorsolateral
prefrontal cortex; LPFC, lateral prefrontal cortex; MMSE, Mini Mental Status Exam; MNI, Montreal Neurological Institute;
PAR-Q+, new Physical Activity Readiness Questionnaire; R-FPA, right frontopolar area; RPE, Borg Rating of Perceived
Exertion; SPIRIT, Standard Protocol Items: Recommendations for Interventional Trials; TR, repetition time in functional
magnetic resonance imaging; TE, echo time in functional magnetic resonance imaging; UMIN, University Hospital
Medical Information Network; VEGF, vascular endothelial growth factor; VLPFC, ventrolateral prefrontal cortex; VO;max,
maximal oxygen uptake; %HRmax, percentage of maximal heart rate.
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Methods: This study is a randomized crossover controlled trial to test the response to
an acute bout of high-intensity physical exercise followed by a short session with a brain
training (Brain Age) video game in physically active and cognitively healthy older adults
(60-70 years). The response is measured using Stroop task performance (cognitive
task for executive function) and related brain activity assessed with functional magnetic
resonance imaging (fMRI). The control conditions are low-intensity physical exercise and
Tetris for video gaming.

Discussion: This study is intended to provide insight into the alteration of executive
function and its related brain activity from an acute intervention with a combination
of physical exercise and video gaming in older people. The protocol might not be
implementable in daily life to improve cognitive abilities. However, the results can support
future studies that investigate cognition and the combination of physical exercise and
video gaming. Moreover, it can provide real-life implications.

Trial registration: This trial was registered in The University Hospital Medical
Information Network Clinical Trials Registry (UMINOO0033054). Registered 19 July 2018,
https://upload.umin.ac.jp/cgi-open-bin/ctr/ctr_view.cgi?recptno=R000037687.

Keywords: acute benefit, brain training, combination training, high-intensity physical exercise, stroop, video game

BACKGROUND

Elderly people experience processes leading to decline in various
aspects of daily living that impair their quality of life. Regarding
neurological aspects, the executive functions, which include
aspects such as working memory, inhibition, and cognitive
flexibility (Diamond, 2013), have been shown to be valuable
for daily life. Nevertheless, they decline during aging. Executive
functions are important for processes such as planning and
at a later time for executing objectives successfully, and for
using prospective memory (Hering et al., 2014; McDaniel et al.,
2014). Prospective memory has been shown to be associated
with and to decline with processes such as working memory,
inhibition, and shifting, which are executive functions (Hering
et al., 2014). Various positive attempts have been undertaken
for improving or at least preserving executive functions in
several ways, e.g., nutrition, physical training, and cognitive
training (Kramer et al, 2003; Kueider et al., 2012; Johnson,
2013). Eventually, it might not be just one, but rather a
combination of these options that will help to improve quality
of life (Phillips, 2017). Most reported intervention studies
that improve cognitive functions have emphasized long-term
application of at least 1 month or longer (Brehmer et al., 2012;
Cheng et al., 2012). However, lately, studies also increasingly
investigate the acute benefits that prove to be useful for daily
life (Roig et al., 2013), such as those related to physical exercise
(Tomporowski, 2003) or video games in the form of exercise
video gaming (“exergaming”; Monteiro-Junior et al., 2017). This
work was undertaken to address this matter because little is
known about the change in cognitive ability and its related
brain activity using fMRI following an acute intervention of a
combination of physical exercise and video gaming, especially for
older people.

Physical Exercise

Acute bouts of physical exercise can be implemented in daily
life as part of a morning routine. They are already performed
in Asian countries such as Japan (Yamashita et al., 2001).
When examining physical exercise as an acute intervention,
its benefits for cognitive abilities can be discussed intensively,
such as whether moderate-intensity or high-intensity exercise is
superior. For more details please see the “Discussion” section.
Meta-analyses conducted by Chang et al. (2012) and Ludyga
et al. (2016) reveal that, with regard to executive functions,
older adults (Johnson et al., 2016) especially benefit from acute
intervention with physical exercise and demonstrate that the
benefit is independent of the current fitness level. For that
reason, untrained people can receive cognitive benefits just as
trained people do. This study uses a high-intensity physical
exercise intervention and applies cognitive tests after a delay of
approximately 20 min. This delay will be used to apply the video
game intervention. The question of whether greater cognitive
improvement is found after high-intensity physical exercise
compared to low intensity should be answered. Moreover,
we must ascertain whether this benefit can be enhanced by
combining the intervention with brain training video gaming.

Video Gaming

Video games elicit cognitive benefits (Granic et al., 2014), even
in older adults (Zelinski and Reyes, 2009; Toril et al., 2014;
Stanmore et al., 2017). Older adults are increasingly interested
in playing video games (Zelinski and Reyes, 2009). They might
have some potential for improving health-related issues, also in
a clinical and rehabilitation framework (Primack et al., 2012;
Garcia-Betances et al., 2015). Nevertheless, the outcomes of video
gaming for older adults are quite controversial. A meta-analysis
from Toril et al. (2014) shows that cognitive functions of
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older adults benefit from video gaming in general, but it also
revealed that executive functions do not reach significant levels.
Other studies have revealed that the executive functions can
be enhanced in older adults (Basak et al., 2008; Green et al.,
2012; Strobach et al., 2012; Anguera et al.,, 2013). For a more
detailed consideration please refer to the “Discussion” section.
The usage of video games for acute interventions is on the rise,
but many aspects remain to be answered (Guzmdn and Lopez-
Garcia, 2016; Monteiro-Junior et al., 2017). A salient question
is: which game should be used for this purpose? First, it should
have a beneficial effect on executive functions. Second, it should
be conducted as an acute session to fit in the 20-min pause
after the physical exercise. Third, the video game should be
interesting also for older adults. One video game that fulfills all
these requirements is Brain Age (Nintendo Co. Limited, Kyoto,
Japan), also known as Dr. Kawashima’s Brain Training. It is
a popular brain training series based on the scientific work
of Prof. RK developed for handheld consoles from Nintendo
(Kawashima et al., 2005; Uchida and Kawashima, 2008). It is
meant to improve cognitive functions merely by playing a few
minutes a day. Results demonstrated that common tasks among
others such as simple arithmetic calculations and fast reading
are beneficial for the executive functions (McDougall and House,
2012; Nouchi et al., 2012). Because Brain Age has only been
conducted in a long-term setting with older adults (Nouchi et al.,
2012), it is now to be examined whether it can also enhance the
executive function in older adults in an acute intervention and
whether there are additive effects if applied immediately after
physical exercise.

Combination of Physical Exercise and

Video Gaming

For some people, physical exercise alone might be too boring
to perform regularly. Combining it with video gaming in for
example, “exergaming” (combination of physical exercise and
video gaming), might improve compliance (Mat Rosly et al.,
2017) and create engaging exercising programs for rehabilitation
(e.g., decrease risk for falls; Hasselmann et al., 2015). Video games
are meant to be fun; they excel at inducing the so-called flow
(Sherry, 2004; Chen, 2007), which is a state of an individual
when the challenge presented by a certain task matches the skill
of this individual (Belchior et al., 2012). This state itself has
beneficial effects on cognitive function (Shafer and Carbonara,
2015), which can be superior to usual cognitive training at least
to some degree (Anguera and Gazzaley, 2015; Shute et al., 2015).
Because exergaming is fun and emerging (Maillot et al., 2012;
Verheijden Klompstra et al., 2014; Eggenberger et al.,, 2015;
Lyons, 2015), it has a more positive influence on compliance than
those of other rehabilitation methods. It “may be an effective way
to promote physical and cognitive improvements among older
adults” (Maillot et al., 2012).

One issue of studies investigating exergaming is that it is
difficult to measure the extent of physical activity during such
activities: do they really “exercise” or are they too passive?
The approach such as that used in this study protocol to use
physical exercise and video gaming separately but sequentially
gives the opportunity to combine different conditions mutually.

Consequently, it is distinguishable between the attribution of the
different conditions to the improvement of the cognitive ability
or the change in brain activity when measured in fMRI.

Because there might be different mechanisms affecting
how physical exercise and video gaming respectively improve
cognitive abilities (for additional details, see “Discussion”
section), apart from the behavioral improvement at the
cognitive test, differences in brain activity following different
interventions will be recorded using functional magnetic
resonance imaging (fMRI).

BRAIN ACTIVITY IN ELDERLY PEOPLE
DURING PHYSICAL EXERCISE AND
VIDEO GAMING

This section specifically addresses what is known about brain
activity in older adults with respect to cognitive tasks in general
and after an acute intervention with physical exercise or with
video gaming.

Cognitive Task for Executive Function

For this study, the widely used Stroop interference task (Stroop,
1935) is used as the representative for the inhibition component
of the executive functions (Miyake et al., 2000; Diamond, 2013).
For simplicity, the color-word Stroop interference task will be
henceforth designated as the Stroop task in further discussion.
The participant is presented with color words such as green,
red or yellow in either the same color as the word (congruent
condition) or in a different color (incongruent condition), along
with a second word in a neutral ink. The participant should
compare the color of the first word with the meaning of the
second word as quickly as possible. Usually for the incongruent
condition, the reaction time is longer because the participant
must inhibit the salient, but with different meaning of the word,
the participant must instead must say the color in which the
word is written. The Stroop task emphasizes the inhibition
component of the executive function, but it is also influenced by
visual spatial ability, language, or processing speed (Suchy, 2009;
Diamond, 2013).

Neural Correlates for Stroop Task in
Elderly People

For older adults, neural substrates of the Stroop task using fMRI
have usually been bilateral activations, especially of the anterior
cingulate cortex (ACC) and lateral and medial frontal areas such
as the left lateral prefrontal cortex (LPFC; Langenecker et al.,
2004; Huang et al., 2012); the left inferior gyrus is particularly
important for performance on the Stroop task (Langenecker
et al., 2004). Prakash et al. (2009) compared differences in
activation patterns of younger and older adults as the difficulty
increases in Stroop task. Increasing difficulty is usually coupled
with an increase of activation by younger adults. In older
adults, while showing already increased activation intensity at
baseline, this increase is absent. This absence is especially true
for the dorsolateral prefrontal cortex (DLPFC). The conclusion
is that older adults are not flexible anymore and are not able to
adapt to higher difficulties, which underscores the necessity for
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recruiting additional brain areas to compensate for the decline
in performance.

Brain Activity of Elderly People After

Physical Exercise

Considering how the brain activity of older adults changes
after physical exercise, few reports describe studies that have
investigated its acute effects either without neuroimaging
(Kamijo et al., 2009) or in younger adults with neuroimaging
such as fMRI (Li et al., 2014) and functional near-infrared
spectroscopy (fNIRS; Yanagisawa et al., 2010; Tempest et al.,
2017). Hyodo et al. (2012) have conducted the only study
investigating the acute effects of moderate-intensity physical
exercise on Stroop task performance in older adults using fNIRS
as neuroimaging. No report of the relevant literature describes an
investigation of acute effects of physical exercise conducted with
fMRI (Voss et al., 2011), except for a report by Li et al. (2014),
who investigated the working memory of younger female adults
using N-back task.

Hyodo et al. (2012) described activation of the bilateral
DLPEC, ventrolateral prefrontal cortex (VLPFC), and
frontopolar area (FPA): the same brain areas as those reported
by Langenecker et al. (2004) for older adults at rest. Especially,
the right frontopolar area (R-FPA) is the neural substrate of
improved cognitive performance after an acute bout of moderate
exercise in older adults. Results suggest that during aging, R-FPA
compensated for deterioration of the left dorsolateral prefrontal
cortex (L-DLPFC), which is usually activated after physical
exercise in younger adults (Hyodo et al., 2012). R-FPA activation
has also been observed during Stroop interference in fMRI
studies (Milham et al., 2001; Zysset et al., 2001). The Stroop
reaction time correlates inversely with the activation of R-FPA.

Brain Activity of Elderly People After Video

Gaming

Alteration of brain activity through cognitive training or video
games is not well understood. The activation patterns for
executive function tasks after cognitive training differ (Di et al.,
2014). Some reports have described increased activation in
the prefrontal cortex after intervention (Olesen et al., 2004;
Westerberg and Klingberg, 2007), but others have described
decreased activation (Babiloni et al., 2009; Del Percio et al,,
2009; Wartenburger et al., 2009; Gobel et al., 2011). Behavioral
improvement of Stroop task performance after video gaming,
especially for Brain Age, has been shown in younger adults after
a long-term intervention (Nouchi et al., 2013), but no study has
examined the conduct of an acute session of Brain Age in older
adults as well as its neuroimaging.

Taking what can be expected about the acute intervention
regarding the brain activity together, it can be concluded that
an acute session of high-intensity physical exercise in older
adults possibly engenders increases in activation of DLPFC,
VLPEC, and FPA, but R-FPA especially correlates with better
performance at the Stroop task. For video gaming, it can only
be assumed that an acute session can affect brain activation in a
way that either optimizes processes or exploits resources leading
respectively to a decrease or increase in brain activation (Di et al.,

2014). Whether an acute session of video gaming also transfers to
better performance at Stroop task, or not, remains unknown.

PURPOSE

This intervention is intended to test the alteration of the
performance at a cognitive task for executive function (Stroop
task) as well as related brain activity using fMRI to an acute
bout of high-intensity physical exercise followed by a short
session with a brain training video game in physically active and
cognitively healthy older adults. It will be tested using a crossover
design, so every participant acts as their own reference.

Some experiments have been conducted to investigate the
long-term effects of physical exercise and video gaming on
brain activity, but related to the acute effects, especially for
the combination, the available literature is scarce. For physical
exercise, some reports describe acute effects. Studies assessing
video gaming as an acute intervention have been conducted,
but no report has described an investigation of the acute effects
of one session of video gaming on cognitive function, using
either behavioral data or fMRI data. This report is the first of a
study providing insight into how the brain activity and also the
performance at the Stroop task might change in older people after
an acute session of a combination of physical exercise and video
gaming. With the design of this study, it is expected to be possible
to compare between the physical exercise and video gaming
conditions and to distinguish between their contributions on
the improvement of cognitive function. Results from this study
might not be suitable for the direct usage in daily life, but they
pave the way for future studies investigating the combination
of physical exercise and video gaming and their implications in
daily life or in a clinical setting.

HYPOTHESIS
Prlmary Hypotheses

. Acute intervention with high-intensity physical exercise leads
to significantly shorter reaction time at the Stroop task
compared to intervention with low-intensity physical exercise.

2. Acute intervention with the brain training video game Brain
Age leads to significantly shorter reaction time at the Stroop
task compared to intervention with the Tetris video game.

3. Because an acute intervention of physical exercise might have
a stronger effect on cognitive function than video gaming
(McMorris and Hale, 2012; Bherer, 2015), the order for the
other interventions with regard to the reaction time at the
Stroop task is from short to long reaction time: (1) High
intensity + Brain Age; (2) High intensity + Tetris; (3) Low
intensity + Brain Age; and (4) Low intensity + Tetris.

4. Acute intervention with high-intensity physical engenders
stronger activations in DLPFC, VLPFC, and FPA compared
to low-intensity physical exercise.

5. Activation of R-FPA correlates with the performance
(inversely with reaction time) at the Stroop task.

6. Acute intervention with Brain Age video game leads to
significantly different activation patterns from those obtained
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from intervention with Tetris video game, which also
correlates with better performance at the Stroop task.

Secondary Hypotheses

1. Expectations for improvement in various fields might
differ in some regards (e.g., performance at cognitive task,
performance at everyday tasks) between the experimental and
the control task (high vs. low intensity or Brain Age vs. Tetris,
respectively).

2. Expectations of participants for improvement at the cognitive
task (for both, physical exercise and video game interventions)
correlate with the Stroop task performance (inversely with
reaction time).

3. Engagements of participants during experimental and control
conditions (high vs. low intensity or Brain Age vs. Tetris,
respectively) are not significantly different from each other.

METHODS

Trial Design, Setting and Registration

This study is a randomized crossover controlled trial to
test the response of Stroop task performance (cognitive
task for executive function) and the related brain activity
using fMRI to an acute bout of high-intensity physical
exercise followed by a short session with a brain training
video game in physically active and cognitively healthy
older adults (60-70 years). In four sequentially applied
interventions, the participants will undergo every one of the
four combinations of experimental and control conditions
(Figure 1). Participants are blind to the study’s hypothesis.
The Consolidated Standards of Reporting Trials (CONSORT)
statement (Moher et al., 2010) as well as the Standard Protocol
Items: recommendations for Interventional Trials (SPIRIT)
statement (Chan et al., 2013) were used as a framework
for developing the study methodology (see Supplementary
Tables S1-S3). For CONSORT, the extension for within-
subject design (Pandis et al., 2017) as well as the extension
for non-pharmacological trials (Boutron et al, 2017) have
been considered.

The study will be conducted at the Smart Ageing Research
Center, Sendai City, Miyagi Prefecture, Japan. Each participant
in this study will provide written informed consent before
participating. The protocol of the study and the consent
form were approved by the Ethics Committee of the Tohoku
University Graduate School of Medicine. This study is registered
with the University Hospital Medical Information Network
(UMIN) Clinical Trial Registry (UMIN000033054).

Participants

Participants will be recruited from the general population
through an advertisement in the local newspaper. Interested
participants will be invited to visit Tohoku University for a more
detailed screening assessment.

Eligibility Criteria
The numbers of female and male participants are expected
to be the same. All included participants are expected to

be 60-70 years old and reported as right-handed, native
Japanese speakers, with normal or corrected-to-normal vision,
normal color vision, not concerned about their own memory
functions, not using medications known to interfere with
cognitive function (including benzodiazepines, antidepressants,
and other central nervous agents), not to have any magnetic
resonance imaging (MRI) contraindication (e.g., metal implants,
being pregnant), and having no disease known to affect the
central nervous system, including thyroid disease, multiple
sclerosis, Parkinson’s disease, stroke, severe hypertension or
diabetes. To have the same baseline, all participants were
unfamiliar with video gaming; all report playing less than 1 h
of video games a week during the prior 2 years (Basak et al.,
2008). To minimize the influence of subclinical degenerative
conditions and because this study is intended to assess the
effects of an acute bout of high-intensity exercise on cognitively
active older adults, the following exclusion criteria are applied.
First, to screen for cognitive impairment, the Mini Mental
Status Exam (MMSE; Folstein et al., 1975) and the Frontal
Assessment Battery at bedside (FAB; Dubois et al., 2000)
are applied. The MMSE is a widely used screening tool for
detection of cognitive impairments in older adults. It consists
of 20 items. They measure the orientation for time and place,
memory and attention, and language skills and visuospatial
abilities. The score range goes from 0 to 30, with lower scores
indicating a greater degree of general cognitive dysfunction.
Those participants with a score of 26 (Nouchi et al., 2012)
or lower at MMSE are excluded. The FAB evaluates the
executive functions and consists of six subtests for similarities
(conceptualization), lexical fluency (mental flexibility), motor
series (programming), conflicting instructions (sensitivity to
interference), go-no go (inhibitory control), and prehension
behavior (environmental autonomy). The score range goes
from 0 to 18, with lower scores indicating a greater degree
of executive dysfunction. Those participants with a score of
12 or lower at FAB are excluded. Second, those who are
not sufficiently physically active and who might have an
increased health risk while performing a vigorous exercise are
screened. For that reason, the International Physical Activity
Questionnaire (IPAQ; Craig et al., 2003) and the new Physical
Activity Readiness Questionnaire (PAR-Q+; Bredin et al., 2013)
are applied. Among IPAQ of different types, for this study,
the Short Form 7 Days Telephone (IPAQ-S7T) will be used.
This script is a cost-effective tool to assess physical activity:
the interviewer must read out loud and it consists of seven
questions related to the time the participant spends on different
activities during the last week. Based on the answers, the
participants can be assigned to three physical categories: LOW,
MODERATE, or HIGH. Although some studies question the
validity of the questionnaire (Lee et al, 2011), it provides
insights into the physical status of the participant. Participants
that have a category of LOW at IPAQ are excluded. The
PAR-Q+, a pre-participation screening tool for people who
wish to participate in physical activity (Goodman et al., 2011),
gives a rough evaluation of whether there are risks that
must be assessed before starting the physical exercise. It is a
four-page document that can be completed in approximately
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CONSORT 2010 Flow Diagram
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A4
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| Allocation |

(n=) (n) (n=) (n=)

v v v

Physical exercise: | High intensity Low intensity High intensity Low intensity Visit 1
Video game: Brain Age Tetris Tetris Brain Age

Physical exercise: | Low intensity High intensity Low intensity High intensity Visit 2
Videogame: Tetris Tetris Brain Age Brain Age

Physical exercise: | High intensity Low intensity High intensity Low intensity Visit 3
Video game: Tetris Brain Age Brain Age Tetris

Physical exercise: | Low intensity High intensity Low intensity High intensity Visit 4
Video game: Brain Age Brain Age Tetris Tetris

J

~

Lost to follow-up (give reasons) (n=)

[ Followup |

Discontinued intervention (give reasons) (n=)

v

Analysed (n= )
] + Excluded from analysis (give reasons) (n= )

[ Analysis

FIGURE 1 | Consolidated standards of reporting trials (CONSORT) flowchart.

5 min. The first page has seven questions related to the
health and medical conditions of the participant which can
be answered with YES or NO. If responses to one or more

questions are YES, then the next pages present follow-up
questions that more narrowly specify the health concern.
Participants answering one of the first seven questions with
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YES at PAR-Q+ are excluded. Furthermore, participants with
a resting blood pressure over 140/90 mm (Piepoli et al., 2016)
and those who do not feel comfortable with exercising during
the familiarization phase are excluded. To avoid including
possibly cognitive impaired participants, those with a Stroop
task correct answer rate of less than 80% in the analysis
are excluded.

Risks and Benefits to Participants

Each participant had been informed orally, assisted by the
pre-exercise assessment document used for assessing the risks of
the intervention in the following section at the first meeting in the
course of the description of the study and before each session in
the familiarization and intervention phase. They were required
to give their consent and to sign the document before entering
each session.

Regarding physical exercise, one could have concerns about
performing high-intensity training in older adults because some
risk exists of an acute cardiovascular event. Examples are
cardiac dysrhythmia up until sudden cardiac arrest, sudden
pulmonary vascular congestion, when the heart cannot keep
up with the physical exercise, collapse with risk of injury
while falling down, and acute myocardial infarction. Although
it is true that the relative risk is higher during the physical
exercise session compared to rest, the absolute risk is still
very low (Riebe et al., 2015). In fact, a meta-analysis of
high-intensity training even in patients with cardio-metabolic
disease indicates that the risk is low and that it is safe to
conduct (Weston et al., 2014). A review by Rognmo et al. (2012)
that investigated the risk among coronary heart disease patients
found in a total of 129,456 h during moderate-intensity training
one fatal cardiac arrest and in 46,364 h of high-intensity training
two nonfatal cardiac arrests, but no myocardial infarctions,
thereby also finding low risk. Goodman et al. (2011) concluded:
“In conclusion, the mean rate of adverse events during exercise
testing, including individuals referred for clinical exercise testing,
based on our review article of the literature is less than
0.3 fatal events per 10,000 tests and 2.9 nonfatal events per
10,000 tests. Higher rates are observed for nonfatal events,
although the adverse event reported in this context varies from
mild arrhythmias that are not considered life threatening, to
serious ventricular arrhythmias associated with increased risk
of sudden death.” Because only apparently healthy participants
and not cardiovascular patients are recruited, the risk might be
even lower. High-intensity training has already been conducted
in older adults and has come to be regarded as safe (Hwang
et al., 2016). As dangerous as the complications sound, severe
incidents are often preceded by warning symptoms (Riebe
et al,, 2015). Examples are pain in the chest or in the legs
that is unfamiliar while performing physical exercise [feeling
of a stinger (“burning muscles”) in the legs can happen,
but it is usually not harmful], chest tightness or discomfort,
vertigo, feeling of fainting, and problems with breathing. If
regarded seriously, these indicators can foreshadow difficulties
and prevent major incidents. In conclusion, adverse acute events
can happen during the familiarization and intervention phase,
but the risk is very low and the described complications are rare.

In addition, the participant might experience fatigue immediately
after exercise, with muscle soreness on the days following the
physical exercise.

During the video game session, the possibility of feeling
fatigue exists, especially because of eye movements during video
gaming, which are usually transient and which are not harmful.

Related to the fMRI, the possibility exists of feeling tired
while performing the cognitive task. The participant might feel
uncomfortable because of the loud background noise of the
machine or the possible feeling of constriction because of the lack
of space.

Sample Size

Calculation of the sample size is not possible because no similar
study has been reported to date. Soares et al. (2016) report that
the optimal sample size for adequate reliability and power in
fMRI studies might be between 16 and 32 participants. Zysset
etal. (2007), who also conducted an experiment with Stroop task
in fMRI, respectively used 23 and 24 participants per group. We
also aim to include 24 participants.

Interventions Overview

To check whether the participants can perform moderate to
vigorous exercise and as already conducted in other studies
(Knowles et al., 2015; Hwang et al., 2016; Grace et al., 2018),
the participants will attend the familiarization phase over the
course of 1 week and three sessions in all. Training at the first
session is only performed at moderate intensity. The duration
at high intensity is increased gradually for the second and third
session. At the end of each session, the participants also practice
the Stroop task and the video games for a total of 15 min. In the
following intervention phase, each participant will sequentially
perform four interventions with one intervention per week
(four interventions after 4 weeks in all). The interventions are
conducted once a week because reports of earlier studies state
that to achieve a sufficient recovery in older adults, a break of at
least 5 days is necessary between high-intensity physical exercise
sessions (Herbert et al,, 2015). Every intervention consists of
a warm-up for the Stroop task to prevent the learning effect
(Green et al., 2014). Each is followed by the actual physical
exercise at either high or low intensity. After physical training,
the participants go to the next room, where they can sit down
and directly start the video gaming session with either the
brain training video game “Brain Age” or with “Tetris.” The
intervention is finished by the fMRI session using the Stroop
task to investigate its related brain activity. Because there are
two variables with two levels each, the possible combinations
sum up to a sequence of four different interventions that one
participant must undergo in a Latin square counterbalanced
order (see Figures 1, 2). Each week, all participants will perform
interventions one after another from morning until evening
on two consecutive days. Participants are instructed to avoid
strenuous physical activity during the 48 h (Knowles et al,
2015) preceding each intervention session. Each participant
is also asked to refrain from food for 1.5 h and to have
only a light meal beforehand, to refrain from caffeine and
alcohol for 24 h (Knowles et al., 2015) before each intervention.
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FIGURE 2 | Timelines and phases of this study.
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Participants are asked to maintain their current lifestyle and not
to make any changes to their level of physical activity or diet
(Coetsee and Terblanche, 2017b).

Physical Exercise Intervention

Participants perform physical exercise on an ergometer cycle
(DK-8718RP; Daikou Corp., Japan). To tailor the intensity of
the physical exercise for each, each participant performs the
peak performance test at the first meeting and the last session
of the familiarization phase to ascertain the maximal heart rate
(HRmax). The intensity of the cycle ergometer has a range from
level 1 until level 16. While cycling, the power is displayed in
watts. In the beginning, the participant sits calmly on the cycle
ergometer for 3 min and then starts to cycle. Initial mechanical
power was set atlevel 1 for 2 min. the intensity was then increased
by one level every 2 min until the limit of tolerance, with a fixed
pedaling cadence of 60-70 revolutions per minute. The heart rate
was displayed and recorded during each exercise session using
a heart rate telemetry system (Polar H10 with app Polar Beat,
ver. 2.5.2, on smartphone Freetel model FTJ17C00, Android ver.
7.1.2, retrieving data from online portal Polar Flow). At the
end of every level, the participants rated their exhaustion on
a Borg Rating of Perceived Exertion (RPE) Scale from 6 to 20
(Borg, 1982); the power will be recorded. Criteria used to end the
exercise test stress were: (1) the inability to maintain the required
pedaling cadence; (2) symptoms of fainting, vertigo, fatigue,
dyspnea, or leg fatigue/pain; (3) achievement of age-predicted
maximal heart rate, 208-0.7*age (Tanaka et al, 2001); and
(4) rating of perceived exhaustion >18 on the Borg scale. The
physical exercise is, if possible, always finished with a cool-down
at lowest intensity for 3 min.

According to earlier studies that also conducted
high-intensity physical exercise with older adults (Hwang
et al., 2016; Coetsee and Terblanche, 2017b) the protocol for
the physical exercise in the intervention phase is the following:
starting with a warm-up for 10 min at 60% maximal heart
rate (%HRmax), the bout is followed by 4 x 4 min intervals
at 90%HRmax for high intensity or at 60%HRmax for low

intensity, respectively, interspersed by 3 x 3 min intervals at
50%HRmax for active recovery. During the recovery bout, the
participants rate their exhaustion during the previous bout
on a Borg RPE Scale from 6 to 20 (Borg, 1982). The bout
ended with a cool-down for 3 min at 50%HRmax. The protocol
of the low-intensity bout instead of is continuous because it
has been conducted as an active control in most studies. The
present study is designed to mimic the interval character of the
high-intensity bout to increase the similarity of experimental
and control condition. To match the caloric expenditure of
the high-intensity and low bouts, the period of time of each
interval at 60% peak heart rate in the low-intensity bout is
prolonged based on calculations incorporating the power at
60% and 90% peak heart rate from the peak power test of
each. The total exercise period is 38 min for high intensity and
38-54 min for low intensity. The participants were instructed
to maintain a cadence of 60-70 rpm, which was checked by
the examiner. To avoid risks that might harm the health of the
participants, the following criteria were used to interrupt the
exercise: (1) symptoms of fainting, vertigo, fatigue, dyspnea or
leg fatigue/pain; (2) reaching age-predicted maximal heart rate,
208-0.7*age (Tanaka et al., 2001); and (3) rating of perceived
exhaustion >18 on Borg Scale. The physical exercise is, if
possible, always finished with a cool-down at lowest intensity for
3 min (see Figure 3).

Video Game Intervention

For brain training video game intervention, Brain Age (Nintendo
Co. Limited) has been used. To observe the proper results,
we recommend the use of an active control group (Green and
Bavelier, 2008). Tetris (Nintendo Co. Limited, Kyoto, Japan) has
been shown as and has already been used as an appropriate
active control to Brain Age (Nouchi et al., 2012, 2013) because
it induces flow similarly to video games (Belchior et al., 2012),
but it does not improve executive functions (Nouchi et al., 2013).
Participants were instructed to play a commercial video game,
either “Brain Age” or “Tetris,” for 15 min on a portable Nintendo
Dual Screen (DS) x XL console. For Brain Age, the participants
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were required to play the Calculate x 100 and the Reading aloud
games. Calculation x 100: the player must solve 100 simple
arithmetic calculations as quickly as possible by writing the
solution onto the touch screen of the Nintendo DS, Reading
Aloud: participants read aloud excerpts from Japanese classical
literature. Depending on the speed of the participants, they were
asked to repeat from the beginning until finishing one run of
the games. Tetris (Nintendo Co. Limited, Kyoto, Japan) is a 2D
tile-matching puzzle video game. During the game geometric
shapes composed of four blocks, each falling down one by one,
and the player can move them to the side or rotate them while
they are falling. The goal of the game is to keep the game going
as long as possible. Therefore, the aim is to get a horizontal line
of block with no gaps. The line disappears, providing more space
and therefore more time. As the game progresses, the difficulty is
increased by increasing the speed at which the geometric shapes
fall down. The game ends when the player cannot manage to
create full lines. Therefore, they can disappear, but the blocks
pile up until the top of the screen. Tetris has been shown as
and has already been used as an appropriate active control
to Brain Age (Nouchi et al., 2012, 2013) because it does not
improve executive functions. To familiarize the participants with
the video games, they were practiced among the Stroop task
at the first meeting and for 15 min in all after each session
during a familiarization phase and before each session in the
intervention phase.

Cognitive Task

The color-word matching Stroop task was adopted and
conducted in an event-related design (Yanagisawa et al., 2010;
Hyodo et al., 2012) using software (E-Prime 2.0.10.42, E-Studio
2.0.10.147; Psychology Software Tools, Inc., Sharpsburg, PA,
USA). The participant is presented with two rows of words and

is instructed to decide whether the meaning of the color word in
white ink in the bottom row matches the color of the word in the
first row. The participants can input their choice by pressing a
button with the index finger and the middle finger to give “yes”
or “no” responses. The order in which the participants must
answer “yes” or “no” is randomized. The assignment, whether
the index finger is “yes” and the middle finger is “no” or vice
versa, is counterbalanced across participants and across the two
halves of one experimental session. The correct answer rate
assigned to yes and no is 50% each. The correct answer rate and
reaction time are also measured.

Trials of two types are compared in the Stroop task. For
the congruent trials, the top row were words “RED,” “BLUE,”
“YELLOW” or “WHITE” printed in their respective ink and the
bottom row contains the words “RED,” “BLUE,” “YELLOW” or
“WHITE” in black ink. For the incongruent trials, the top row
includes the words “RED,” “BLUE,” “YELLOW” or “WHITE” in
an incongruent color, whereas the bottom row is the same such
as in the congruent trials. Each experimental session consists of
two halves separated by a small break, each with 48 congruent
and 48 incongruent trials that are presented in random order.
Consequently, the total number is 192 trials (96 congruent and
96 incongruent trials). All word stimuli are presented in Japanese.
To prevent the participants from particularly addressing the
bottom row and blurring out the top row, the top row is
presented 300 ms earlier than the bottom row. Visual attention
should shift automatically to the top row then (Zysset et al., 2007;
Hyodo et al., 2012). The stimulus is presented on the screen for
2's. To avoid prediction of the timing of the subsequent trial, each
trial is separated by an interstimulus interval showing a fixation
cross for 2 (96 trials), 4 (72 trials) or 6 s (24 trials). The whole
session lasts around 16.8 min plus the brief pause between the
two halves.
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As explained elsewhere (Klingberg, 2010; Green et al., 2014),
to avoid learning effects, the Stroop task is practiced among the
video games at the first meeting and for 10 min in all after each
session during the familiarization phase and before each session
in the intervention phase.

fMRI Session

All MRI data are acquired with a Philips 3-T scanner.
In the scanner, stimuli are presented visually through a
MRI-compatible monitor (BOLDscreen 32 LCD for fMRJ;
Cambridge Research Systems). Participants have a four-button
fiber optic response box with their right hand, which is used to
record behavioral responses. To examine the tasks specifically,
participants wear earplugs to reduce the scanner noise. Head
motion is minimized using foam pads and a headband. First,
functional images are acquired using echo-planar functional
images (EPIs) sensitive to blood oxygenation level-dependent
(BOLD) contrast (64 x 64 matrix, TR = 2,000 ms, TE = 30 ms,
flip angle = 70°, FOV =24 cm, 34 slices, 3.75 mm slice thickness).
Anatomical scans begin by acquiring a T1-weighted sagittal
localizer series.

OUTCOME

The primary outcome measures for all participants are the
reaction time and correct answer count from the Stroop task as
well as its related brain activity using fMRI after each of the four
interventions. Additionally, the secondary outcome measures
will be recorded similarly to the scores from the questionnaires
for engagement after each intervention, the expectation after the
familiarization phase and after the intervention phase, age, and
gender at the first meeting.

Randomization

We conduct four interventions per participant and use a Latin
square counterbalancing that sums up to four sequences in
all (see CONSORT flowchart). First, it would be wasteful for
organizational purposes and costs for MRI to cover every possible
sequence (24 in total) because it would necessitate 24 separate
intervention sessions for each participant. Second, the risk of
having a bias because of carry-over effects might be higher
when two high-intensity bouts follow each other than with two
low-intensity bouts because results demonstrated that biomarker
for cognitive improvement (e.g., brain-derived neurotrophic
factor, BDNF) might still influence the performance, even after
7 days (Skriver et al., 2014). It is not confirmed, but by separating
the two high-intensity bouts from each other, it might decrease
this bias. To make it more homogeneous, high-intensity and
low-intensity bouts are conducted in an alternating fashion.

Allocation and Implementation

Allocation of the participants to one of four sequences is done at
the end of the familiarization phase (1 week before intervention
phase) through a computer-generated sequence using random
allocation software Graph Pad’s QuickCalcs Random Mumbers!.

Uhttps://www.graphpad.com/quickcalcs/randMenu/

Based on a randomly assigned number list, the participants are
allocated to each sequence.

Blinding

Because of the study design, blinding is not properly possible
because it is a non-pharmacological within-subject design. The
intervention is visible to both, the participants as well as
to experimenters who conduct the intervention. To somehow
address this issue according to CONSORT, extension for
non-pharmacological trials (Boutron et al., 2017), first, the
participants are blinded to the study’s hypothesis. Second, we
assess the expectation as well as the engagement and take them
into consideration for the analysis.

Expectation and Engagement

Apart from the degree of physical exercise, another issue
is that improvements in cognitive functions also depend on
psychological factors such as one’s expectation about the
outcome (Boot et al, 2013a) or engagement during the
intervention (Green et al, 2014; Benzing et al, 2016). This
study is designed to address these issues by considering the
expectations and engagement of the participants. At the first
meeting, the study protocol is explained to participants, followed
by a practice session with the Stroop task and both video
games. They are told that it should be investigated whether
high-intensity or low-intensity training and whether Brain Age
or Tetris has a stronger effect on Stroop task and brain activity.
The participants are blinded to the expected outcome and are
asked after the last session of the familiarization phase and
after the last session of the intervention phase about their
subjective feeling to what extent the interventions might affect
cognition (Boot et al., 2013a). Results of earlier studies suggest
that differences of subject feelings (e.g., enjoyment, motivation,
fatigue, satisfaction) between the experimental (high-intensity
physical exercise, Brain Age video game) and control (low-
intensity physical exercise, Tetris video game) condition might
affect the improvement of cognitive function (Green and
Bavelier, 2008). Because Brain Age and Tetris have been shown to
have equal levels of engagement, it is expected that no significant
difference exists in engagement between Brain and Tetris. In case
there is a difference, it will be checked whether the performance
at the Stroop task as well as the brain activity in the fMRI
correlate with the engagement score. Based on the suggestion,
the participants are asked to respond to questionnaires related
to their subjective feelings weekly after each intervention (Boot
et al, 2013a; Nouchi et al, 2013). Participants rated both
questionnaires using a Likert scale, with 1 representing strong
disagreement and 7 representing strong agreement with the
given statements.

Stroop Task Analysis

We will use R (R Core Team, 2018) and Ime4 (Bates et al., 2015)
to perform linear mixed effects analysis of cognitive performance
in dependence of physical exercise and video gaming. For
reaction time at the Stroop task, we enter physical exercise
intensity (high/low), video game (Brain Age/Tetris), week (1, 2, 3,
4), congruency of the Stroop task (congruent/incongruent), age
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(60-70 years), and gender (male/female) as fixed effects into the
model. As random effects, we have intercepts for participants,
as well as by-participant random slopes for the effect of physical
exercise intensity and video game. Expectations for improvement
at the cognitive task also enter as fixed effects into the model
and the correlation with other predictors should be checked.
For the correct answer count at the Stroop task, we will use
the generalized linear mixed-effects model analysis and take the
same fixed and random effects as above. Visual inspection of
residual plots should be checked to ascertain whether they reveal
any marked deviations from homoscedasticity or normality.
P-values are obtained from likelihood ratio tests of the full model
with the effect in question against the model without the effect
in question.

Analysis of Expectation and Engagement
We use the same linear mixed-effects analysis for the Stroop
task analysis. For the rating of expectation and engagement, we
enter physical exercise intensity (high/low), video game (Brain
Age/Tetris), week (0, 1, 2, 3, 4), age (60-70 years), and gender
(male/female) as fixed effects into the model. As random effects,
we have intercepts for participants, as well as by-participant
random slopes for the effect of physical exercise intensity and
video game. Experimental and control condition are compared
whether any significant differences exist in expectation and
engagement between the experimental condition (high intensity,
Brain Age) and the control condition (low intensity, Tetris) and
for expectation whether the answers changed significantly before
and after the intervention.

Analysis of Physical and Game

Performances

To check the exercise intensity in all conditions, we calculate
average heart rates during the high and low-intensity exercise.
We will check that the average heart rates will be around
90%HRmax for high intensity or at 60%HRmax for low intensity.
In addition, we use the same linear mixed-effects model analysis
for the expectation and engagement. We expect that the effect of
the physical exercise intensity will be found.

For the game performance, we will separately calculate the
average game scores of Brain Age and Tetris. For Brain Age,
we will use the average time to solve 100 simple arithmetic
calculations and read aloud sentence. For Tetris, we will use the
average game scores. Then, we will conduct linear mixed-effects
analysis for each game score separately. For the average time of
Calculate x 100 and the Reading aloud games in Brain Age, we
enter physical exercise intensity (high/low), age (60-70 years),
week (1, 2, 3, 4), and gender (male/female) as fixed effects into
the model. As random effects, we have intercepts for participants,
as well as by-participant random slopes for the effect of physical
exercise intensity. For the average score of Tetris, we will use
the same model as the Brain Age analysis. We will check any
significant difference in the exercise condition.

fMRI Analysis

Functional imaging data preprocessing and analysis were
performed with Statistical Parametric Mapping SPMI2

(Wellcome Trust Centre for Neuroimaging, London, UK).
In the preprocessing, all functional images were corrected for
motions using realign, co-registered to TI1-weight structural
image, then spatially normalized into the Montreal Neurological
Institute (MNI) template. These normalized images were
spatially smoothed using a Gaussian kernel of 8-mm full width
at half maximum (FWHM).

All preprocessed functional images were analyzed using
two-step statistics at the subject level and the group level. In
the subject-level (fixed-effect) analyses, experimental trials were
divided into two conditions (congruent and incongruent). Then,
brain activations associated with these conditions and six motion
parameters (three translational and three rotational directions)
were modeled by convolving a vector of task onsets with a
canonical hemodynamic response function (HRF) in the context
of the general linear model (GLM). Low-frequency components
of fMRI time series were removed by high-pass filtering. For each
subject, the incongruent trials were contrasted to the congruent
trials. All contrasts yielded a t-statistic in each voxel.

The contrast images from the first-level analysis were used
for the second-level analysis (Random Effect). We analyzed the
data using a 2 X 2 repeated measures analysis of variance
(ANOVA) to assess the main effects of A (physical exercise: high
intensity vs. low intensity), B (video game: Brain Age vs. Tetris),
and the A x B interaction using the flexible factorial approach
in SPM12. We used a threshold of P-value using whole-brain
cluster family-wise error (FWE) correction at P < 0.05, with an
uncorrected voxel-level cluster-defining threshold of P < 0.001.

Data Management

Personal information and data for all experiments are handled
by the personal information manager director of Tohoku
University. Access to information requires a key that is securely
kept and has limited access. These internal checks and balances
ensure the security of all data and personal information. After
the experimental period ends, the data will be consolidated. Any
information linking data back to the participant will be discarded
to ensure that the data are truly anonymous. Data destruction will
not be conducted.

Data Monitoring and Auditing

We will follow the recommended guidelines for clinical research
in Japan?. According to the guidelines, data monitoring by
a third party is unnecessary for this study because we are
not providing participants with any medications, nor are we
conducting surgery.

Research Ethics Approval and Informed

Consent

The Ethics Committee of Tohoku University Graduate School
of Medicine approved the study protocol. They will approve the
consent form. Participants will be given both an oral explanation
and a written file that documents details of the study. Upon
understanding, the participant will be asked to give written
consent by signing the consent form. Participants might choose

Zhttp://www.mhlw.go.jp/topics/bukyoku/seisaku/kojin/dl/161228rinsyou.pdf
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to withdraw from the study at any point in time. Should they
choose to do so, their data would be destroyed.

Confidentiality

All participants will be given subject identification numbers
to which all the data will be linked. The file records that
connect each participant to their identification number will
be securely kept on laboratory servers during the study. After
the study is concluded, the file will be kept for 3 years and
will be destroyed afterward. This study is conducted using
the operating grants of the group of Tohoku University of
implementation officer.

Declaration of Interests

For the practice of the present research program, no relation
exists between the particular companies. In other words, no
author had any conflict of interest related to this research project.

Access to Data

As described previously, all personal information and data
for the experiment are handled by the personal information
manager director of Tohoku University. Access to information
requires a securely kept key with limited access. These internal
checks and balances ensure the security of all data and
personal information.

Dissemination Policy

Results of the study will be published formally in a journal.
Participants, the public and other relevant groups will not be
individually notified of the results. There is no publication
restriction to note. Authorship of the study belongs to those
specifically listed; no professional writer was involved. Currently,
no plan exists to grant public access to the full protocol,
participant-level dataset, and statistical code. For interested
researchers, we have the following ideas for data sharing. For
the study protocol, the current protocol article should be the full
protocol. For statistical analysis, we will use open source softs
and packages such as R and SPM for behavior and brain imaging
analyses. We will not have any plans to use customized statistical
codes. For the participants-level dataset, behavioral data will
be available on Open Science Framework® or will be uploaded
the journal web as a supplemental information material. On
the other hands, we will not share structural and functional
MRI dataset. The MRI datasets will be available on requests
after getting an approval of the reuse of MRI dataset from our
ethical committee.

DISCUSSION

This study is a randomized within-subject crossover controlled
trial to test the response of Stroop task performance (cognitive
task for executive function) and the related brain activity using
fMRI to an acute bout of high-intensity physical exercise followed
by a short session with a brain training video game in physically
active and cognitively healthy older adults (60-70 years). The

3https://ost.io

control conditions are low intensity for physical exercise and
Tetris for video gaming.

Physical Exercise

As mentioned in the introduction, there are several variables to
consider when using physical exercise as an acute intervention
in order to improve cognitive abilities. To construe the outcome
of acute exercise, certain variables to keep in mind include the
exercise intensity (low, moderate or high), the time point at
which the cognitive test is applied after the physical exercise
(during, immediately after or after a brief pause), and the type
of cognitive test (attention, executive functions, memory, etc.;
Chang et al., 2012). Using these variables, hypotheses such as the
inverted-U-shaped hypothesis (Chmura et al., 1994; McMorris
et al., 2011), which predicts stronger benefits at moderate
intensity than at low or high intensity, or the drive hypothesis
(Chang et al., 2012), which posits higher intensity as producing
better cognitive improvement, are explainable to a certain extent
(Chang et al,, 2012). Whereas the cognitive test is applied
immediately after exercise, lower and moderate intensity are
apparently more favorable for cognitive improvement than high
intensity, which supports the inverted-U-shaped hypothesis.
When cognitive testing is applied after a short delay from
several minutes up to a few hours after the exercise, lower
intensities exhibit no significant improvement. The degree of
improvement shifts to higher intensities, which favors the drive
hypothesis. Cognitive improvement and metabolic response
seem to have their maximum effects at a delay of 11-20 min
after high-intensity exercise (Chang et al, 2012). Results
demonstrated that the speed at executive function tasks improves
significantly after acute exercise, whereas the accuracy remains
non-significant or even decreases slightly (McMorris et al., 2011;
McMorris and Hale, 2012).

The mechanism behind the improvement of cognitive
function after physical exercise is already widely debated.
Especially after an acute intervention, it is most likely attributable
to the release of neurotransmitters (Hillman et al., 2008; Skriver
etal., 2014) such as BDNF (Piepmeier and Etnier, 2015), vascular
endothelial growth factor (VEGF) or insulin-like growth factor 1
(IGF-1), catecholamines (McMorris and Hale, 2015), changes of
cerebral blood flow (Ogoh et al., 2014), cerebral oxygenation and
oxygen usage (Coetsee and Terblanche, 2017a), or arousal level
(Kamijo et al., 2004). In young adults, it might be demonstrated
that BDNF peaks after 15-20 min (Schmidt-Kassow et al., 2012)
and right at the time when participants enter the fMRI session,
which is also a reason why the physical exercise is conducted
before the video gaming session.

Video Gaming

Interventions with cognitive training or video games always aim
to exert a so-called transfer effect (Hertzog et al., 2008). Transfer
means to convert individual improvements, say, from a video
game, to other cognitive tasks. The transfer can be divided further
into near transfer, by which trainees improve on tasks that
are not identical, but which are closely related to the training;
with far transfer, performance is improved on non-related tasks
or even on tasks in real-life situations. Video games show
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some difficulties in eliciting transfer effects (Green and Bavelier,
2008), even exhibiting weak to no correlation between video
game experience and cognitive function (Redick etal., 2017).
Nevertheless, in recent years, video games, especially action video
games, have shown positive results on far transfer effects in
areas such as visual spatial ability (Green and Bavelier, 2007;
Green et al,, 2010). However, other categories of video games
show promising results in the same (Toril et al., 2016) or
other cognitive functions as well (Basak et al., 2008; Oei and
Patterson, 2013). Improvements in cognition related to video
games tend to be shared features between the video games and
real-world/cognitive task rather than generalized, non-specific
transfer (Oei and Patterson, 2014). The mechanisms underlying
cognitive improvement because of video games are yet to
be elucidated. However, factors such as virtual environments,
challenges, and reward systems might affect cognitive function
(Monteiro-Junior et al., 2016). Thus, video games might present
the difficulty to transfer to other cognitive challenges (Redick
et al, 2017), so it can also turn out that Brain Age shows no
positive results in this scenario where it is used as an acute
intervention with an executive function task for older adults
as participants (Ackerman et al., 2010; Owen et al, 2010).
Nevertheless, it can be ascertained whether differences exist
in brain activities between the conditions that might explain
these circumstances.

Combination of Physical Exercise and

Video Gaming

For the combination of physical exercise and video games,
animal experiments already demonstrate that there are additive
improvements of cognitive functions with a combination of
physical exercise and cognitive challenges (Fabel et al., 2009;
Kempermann et al., 2010), but there is still a lack of data
related to this topic of a combination of physical exercise and
video gaming in general (Mishra et al, 2012). Some reports
of studies of exergaming already exist, but the results they
describe remain controversial (Ordnung et al., 2017; Stanmore
et al,, 2017). In older adults, dancing with a dual-task character
(physical exercise and cognitive challenge) is superior on acute
improvement task-switching reaction time (executive function)
than comparable physical exercise alone (Kimura and Hozumi,
2012). Other studies have found no significant improvement
after one session of exergaming compared to the control group
(Guzman and Lopez-Garcia, 2016; Monteiro-Junior et al., 2017),
but have also found a reduced rate of perceived exhaustion
(RPE) compared to moderate aerobic physical exercise alone
(Guzman and Lépez-Garcia, 2016). A recent systematic review
from Zeng et al. (2017) concluded that results for exergaming
used as a therapeutic tool are inconsistent, but there are no
negative outcomes, so it might feasible to use for older adults
(Chao et al., 2015), even with mild cognitive impairments
(Hughes et al., 2014).

Because reports of the literature are scarce for many aspects
of this study, e.g., acute intervention of video gaming for results
at the Stroop task or for brain imaging in older adults, definite
hypotheses are challenging to formulate. However, based on the
remaining literature, this study should find answers to following

hypotheses: an acute intervention with physical exercise might
have a stronger effect on cognition than an acute intervention
with video gaming (McMorris and Hale, 2012; Bherer, 2015).
High-intensity physical exercise condition and Brain Age
video game condition might show a better improvement in
reaction time at the Stroop task than their respective control
condition, low intensity and Tetris, respectively. Regarding
the brain activation in older adults, acute intervention with
high-intensity physical engenders increases in activation of
DLPFC, VLPFC, and FPA compared to low-intensity physical
exercise. Activation of R-FPA correlates with the performance
(inversely with reaction time) at the Stroop task. For video
gaming, this might be the first study to reveal differences
in brain activity after an acute intervention with Brain Age
or Tetris.

This study is designed to yield insight into the alteration
of executive function and its related brain activity because of
an acute intervention with a combination of physical exercise
and video gaming in older people. The protocol might not
be implementable in daily life to improve cognitive abilities.
However, the results can support future studies that investigate
cognition and the combination of physical exercise and video
gaming as well as implications for real life.

STRENGTH AND LIMITATIONS

This study combines the following aspects: an acute intervention
with a combination of physical exercise and video gaming in
older adults while imaging the brain activity with fMRI. Many
studies of physical exercise and video gaming are conducted
on a long-term basis. Studies that have investigated the acute
effects of video gaming on cognition, especially with older
adults and brain imaging, are still few to date. For example,
acute intervention of physical exercise and brain imaging with
fMRI has been conducted only with younger people (Li et al.,
2014). Acute intervention of physical exercise and older adults
have been conducted using only fNIRS as brain imaging
(Hyodo et al., 2012).

Randomized within-subject crossover controlled trial with a
2 x 2 design where the physical exercise condition and the video
gaming condition are conducted one after another makes it easy
to compare and distinguish between the relative influence each
condition has on the improvement of the cognitive abilities or
difference in brain activity.

Especially regarding video gaming, an active control is
included. The expectations and engagement of participants
are considered, which has been recommended elsewhere
(Boot et al., 2013b).

Some issues might arise because of the lack of blinding. To
address this issue somehow, expectations and engagement are
assessed. The assessments can be checked to evaluate correlation
with performance at the cognitive test.

To improve the safety of the older participants during
the screening phase, instead of using different tests for
physical (IPAQ, PAR-Q+) and neurological conditions (MMSE,
FAB), it would be more advisable to conduct proper medical
examinations, particularly addressing participants’ physical
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(e.g., exercise electrocardiogram, lung function test) and
neurological condition (orientating examination). A medical
examination might also improve reproducibility because MRI
scans can be examined by a neurologist to elucidate neurological
or vascular pathologies (D’Esposito et al, 2003). Medical
supervision during the intervention (Hwang et al., 2016) would
further improve the participants’ safety.

Regarding physical exercise at high intensity, the possibility
exists of a carry-over effect because of an overly short break.
Despite having a 1 week break between interventions (2 weeks
between high-intensity bouts), the performance of the following
interventions might be affected, even after one high-intensity
bout (Skriver et al., 2014). It is not confirmed, but it must
be considered.

For application of the physical exercise, the intensity is
commonly set relative to the maximal oxygen uptake (VO,max)
of a participant (Carter et al.,, 2002; Burnley and Jones, 2007).
For this study, heart rates have been used which should be
sufficiently feasible, but it would probably be more accurate to
use a spirometer for VO, measurements. Furthermore, the cycle
ergometer only has the option to set intensity with regard to
levels of 1-16, which might be too rough. To allow for more fine-
tuning, setting the intensity with respect to the power in watts
is recommended.

GENERALIZABILITY

Currently, it is planned to conduct this study with participants
in the region around Sendai, Japan. Consequently, these results
can only be applied for a very specific population of very healthy
Japanese people between 60 and 70 years of age. It would be
advisable to repeat this study with participants of different types
to infer results for a more general population, e.g., young people,
people with vascular or cognitively impaired patients, people
from different countries.

ETHICS STATEMENT

The Institutional Review Board of the Tohoku University
Graduate School of Medicine (Ref. 2018-1-106) provided ethical

REFERENCES

Ackerman, P. L., Kanfer, R., and Calderwood, C. (2010). Use it or lose it? Wii
brain exercise practice and reading for domain knowledge. Psychol. Aging 25,
753-766. doi: 10.1037/20019277

Anguera, J. A, and Gazzaley, A. (2015). Video games, cognitive exercises, and
the enhancement of cognitive abilities. Curr. Opin. Behav. Sci. 4, 160-165.
doi: 10.1016/j.cobeha.2015.06.002

Anguera, J. A., Boccanfuso, J., Rintoul, J. L., Al-Hashimi, O., Faraji, F.,
Janowich, J., et al. (2013). Video game training enhances cognitive
control in older adults. Nature 501, 97-101. doi: 10.1038/nature
12486

Babiloni, C., Del Percio, C., Rossini, P. M., Marzano, N., Iacoboni, M.,
Infarinato, F., et al. (2009). Judgment of actions in experts: a high-resolution
EEG study in elite athletes. Neuroimage 45, 512-521. doi: 10.1016/j.
neuroimage.2008.11.035

approval. Based on the Declaration of Helsinki, written informed
consent will be received from each participant.

AUTHOR CONTRIBUTIONS

RH, RN and RK designed and developed the study protocol.
RH and RN searched the literature, selected cognitive function
measures, and created manuals to conduct and rate cognitive
measures; contributed equally to this work; wrote the manuscript
with TS, DB, JW and RK. RK also gave advice related
to the study protocol. All authors read and approved the
final manuscript.

FUNDING

This study is supported by JSPS KAKENHI Grant Number
19H05003/17H06046 (Grant-in-Aid for Scientific Research on
Innovative Areas), 15H05366 [Grant-in-Aid for Young Scientists
(A)] and 16KT0002 [Grant-in-Aid for Scientific Research (B)].
Funding sources of the trial are not involved in the study
design, collection, analysis, interpretation of data, or writing
of articles. Prof. JW is supported by an Ili-dio Pinho
professorship and iBiMED (UID/BIM/04501/2013), and
FCT project PTDC/DTP_PIC/5587/2014 at the University of
Aveiro, Portugal.

ACKNOWLEDGMENTS

We would like to thank all our other colleagues in IDAC, Tohoku
University for their support.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnagi.
2019.00260/full#supplementary-material

TABLE S1 | CONSORT 2010 checklist.
TABLE S2 | SPIRIT 2013 checklist.

TABLE S3 | Table of SPIRIT 2013 checklist.

Basak, C., Boot, W. R, Voss, M. W, and Kramer, A. F. (2008). Can
training in a real-time strategy video game attenuate cognitive
decline in older adults? Psychol. Aging 23, 765-777. doi: 10.1037/a00
13494

Bates, D., Méchler, M., Bolker, B., and Walker, S. (2015). Fitting linear mixed-
effects models using Ime4. J. Stat. Soft. 67:1. doi: 10.18637/js5.v067.i01

Belchior, P., Marsiske, M., Sisco, S., Yam, A., and Mann, W. (2012). Older
adults’ engagement with a video game training program. Act. Adapt. Aging 36,
269-279. doi: 10.1080/01924788.2012.702307

Benzing, V., Heinks, T., Eggenberger, N., and Schmidt, M. (2016). Acute
cognitively engaging exergame-based physical activity enhances executive
functions in adolescents. PLoS One 11:e0167501. doi: 10.1371/journal.pone.
0167501

Bherer, L. (2015). Cognitive plasticity in older adults: effects of cognitive training
and physical exercise. Ann. N Y Acad. Sci. 1337, 1-6. doi: 10.1111/nyas.
12682

Frontiers in Aging Neuroscience | www.frontiersin.org

September 2019 | Volume 11 | Article 260


https://www.frontiersin.org/articles/10.3389/fnagi.2019.00260/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnagi.2019.00260/full#supplementary-material
https://doi.org/10.1037/a0019277
https://doi.org/10.1016/j.cobeha.2015.06.002
https://doi.org/10.1038/nature12486
https://doi.org/10.1038/nature12486
https://doi.org/10.1016/j.neuroimage.2008.11.035
https://doi.org/10.1016/j.neuroimage.2008.11.035
https://doi.org/10.1037/a0013494
https://doi.org/10.1037/a0013494
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1080/01924788.2012.702307
https://doi.org/10.1371/journal.pone.0167501
https://doi.org/10.1371/journal.pone.0167501
https://doi.org/10.1111/nyas.12682
https://doi.org/10.1111/nyas.12682
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

Himmelmeier et al.

Physical Exercise and Video Game

Boot, W. R., Champion, M., Blakely, D. P., Wright, T., Souders, D. J., and
Charness, N. (2013a). Video games as a means to reduce age-related
cognitive decline: attitudes, compliance, and effectiveness. Front. Psychol. 4:31.
doi: 10.3389/fpsyg.2013.00031

Boot, W. R, Simons, D. J., Stothart, C., and Stutts, C. (2013b). The pervasive
problem with placebos in psychology: why active control groups are not
sufficient to rule out placebo effects. Perspect. Psychol. Sci. 8, 445-454.
doi: 10.1177/1745691613491271

Borg, G. A. (1982). Psychophysical bases of perceived exertion. Med.
Sci.  Sports Exerc. 14, 377-381. doi: 10.1249/00005768-198205000-
00012

Boutron, I, Altman, D. G., Moher, D, Schulz, K. F., and Ravaud, P.
(2017). CONSORT statement for randomized trials of nonpharmacologic
treatments: a 2017 update and a CONSORT extension for nonpharmacologic
trial abstracts. Ann. Intern. Med. 167, 40-47. doi: 10.7326/ml7-
0046

Bredin, S. S. D., Gledhill, N., Jamnik, V. K., and Warburton, D. E. R. (2013). PAR-
Q+ and ePARmed-X+: new risk stratification and physical activity clearance
strategy for physicians and patients alike. Can. Fam. Physician 59, 273-277.
doi: 23486800

Brehmer, Y., Westerberg, H., and Bickman, L. (2012). Working-memory training
in younger and older adults: training gains, transfer and maintenance. Front.
Hum. Neurosci. 6:63. doi: 10.3389/fnhum.2012.00063

Burnley, M., and Jones, A. M. (2007). Oxygen uptake kinetics as a
determinant of sports performance. Eur. J. Sport Sci. 7, 63-79.
doi: 10.1080/17461390701456148

Carter, H., Pringle, J. S., Jones, A. M., and Doust, J. H. (2002). Oxygen uptake
kinetics during treadmill running across exercise intensity domains. Eur.
J. Appl. Physiol. 86, 347-354. doi: 10.1007/s00421-001-0556-2

Chan, A.-W., Tetzlaff, J. M., Altman, D. G., Laupacis, A., Gotzsche, P. C., Krleza-
Jeri¢, K., et al. (2013). SPIRIT 2013 statement: defining standard protocol items
for clinical trials. Ann. Intern. Med. 158, 200-207. doi: 10.7326/0003-4819-158-
3-201302050-00583

Chang, Y. K., Labban, J. D., Gapin, J. I, and Etnier, J. L. (2012). The effects of acute
exercise on cognitive performance: a meta-analysis. Brain Res. 1453, 87-101.
doi: 10.1016/j.brainres.2012.02.068

Chao, Y.-Y., Scherer, Y. K., and Montgomery, C. A. (2015). Effects of using
Nintendo Wii™ exergames in older adults: a review of the literature. J. Aging
Health 27, 379-402. doi: 10.1177/0898264314551171

Chen, J. (2007). Flow in games (and everything else). Commun. ACM 50:31.
doi: 10.1145/1232743.1232769

Cheng, Y., Wu, W., Feng, W., Wang, J., Chen, Y., Shen, Y., et al. (2012).
The effects of multi-domain versus single-domain cognitive training in
non-demented older people: a randomized controlled trial. BMC Med. 10:30.
doi: 10.1186/1741-7015-10-30

Chmura, J., Nazar, K, and Kaciuba-Usciko, H. (1994). Choice reaction
time during graded exercise in relation to blood lactate and plasma
catecholamine thresholds. Int. J. Sports Med. 15, 172-176. doi: 10.1055/s-2007-
1021042

Coetsee, C., and Terblanche, E. (2017a). Cerebral oxygenation during cortical
activation: the differential influence of three exercise training modalities.
A randomized controlled trial. Eur. J. Appl. Physiol. 117, 1617-1627.
doi: 10.1007/s00421-017-3651-8

Coetsee, C., and Terblanche, E. (2017b). The effect of three different exercise
training modalities on cognitive and physical function in a healthy older
population. Eur. Rev. Aging Phys. Act. 14:13. doi: 10.1186/s11556-017-
0183-5

Craig, C. L., Marshall, A. L., Sjostrom, M., Bauman, A. E., Booth, M. L,
Ainsworth, B. E., et al. (2003). International physical activity questionnaire:
12-country reliability and validity. Med. Sci. Sports Exerc. 35, 1381-1395.
doi: 10.1249/01.MSS.0000078924.61453.FB

Del Percio, C., Babiloni, C., Bertollo, M., Marzano, N., Iacoboni, M., Infarinato, F.,
et al. (2009). Visuo-attentional and sensorimotor o rhythms are related to
visuo-motor performance in athletes. Hum. Brain Mapp. 30, 3527-3540.
doi: 10.1002/hbm.20776

D’Esposito, M., Deouell, L. Y., and Gazzaley, A. (2003). Alterations in the BOLD
fMRI signal with ageing and disease: a challenge for neuroimaging. Nat. Rev.
Neurosci. 4, 863-872. doi: 10.1038/nrn1246

Di, X., Rypma, B., and Biswal, B. B. (2014). Correspondence of executive
function related functional and anatomical alterations in aging brain. Prog.
Neuropsychopharmacol. Biol. Psychiatry 48, 41-50. doi: 10.1016/j.pnpbp.2013.
09.001

Diamond, A. (2013). Executive functions. Annu. Rev. Psychol. 64, 135-168.
doi: 10.1146/annurev-psych-113011-143750

Dubois, B., Slachevsky, A., Litvan, I., and Pillon, B. (2000). The FAB: a frontal
assessment battery at bedside. Neurology 55, 1621-1626. doi: 10.1212/wnl.55.
11.1621

Eggenberger, P., Schumacher, V., Angst, M., Theill, N., and de Bruin, E. D.
(2015). Does multicomponent physical exercise with simultaneous cognitive
training boost cognitive performance in older adults? A 6-month randomized
controlled trial with a 1-year follow-up. Clin. Interv. Aging 10, 1335-1349.
doi: 10.2147/CIA.S87732

Fabel, K., Wolf, S. A., Ehninger, D., Babu, H., Leal-Galicia, P., and
Kempermann, G. (2009). Additive effects of physical exercise and
environmental enrichment on adult hippocampal neurogenesis in mice.
Front. Neurosci. 3:50. doi: 10.3389/neuro.22.002.2009

Folstein, M. F., Folstein, S. E.,, and McHugh, P. R. (1975). “Mini-mental
state”. A practical method for grading the cognitive state of patients for
the clinician. J. Psychiatr. Res. 12, 189-198. doi: 10.1016/0022-3956(75)
90026-6

Garcia-Betances, R. 1., Jiménez-Mixco, V., Arredondo, M. T., and Cabrera-
Umpiérrez, M. F. (2015). Using virtual reality for cognitive training
of elderly people. Am. J. Alzheimers Dis. Other Demen. 30, 49-54.
doi: 10.1177/1533317514545866

Gobel, E. W., Parrish, T. B., and Reber, P. J. (2011). Neural correlates of skill
acquisition: decreased cortical activity during a serial interception sequence
learning task. Neuroimage 58, 1150-1157. doi: 10.1016/j.neuroimage.2011.
06.090

Goodman, J. M., Thomas, S. G., and Burr, J. (2011). Evidence-based risk
assessment and recommendations for exercise testing and physical activity
clearance in apparently healthy individuals. Appl. Physiol. Nutr. Metab. 36,
S14-S32. doi: 10.1139/h11-048

Grace, F., Herbert, P., Elliott, A. D., Richards, J., Beaumont, A., and
Sculthorpe, N. F. (2018). High intensity interval training (HIIT) improves
resting blood pressure, metabolic (MET) capacity and heart rate reserve
without compromising cardiac function in sedentary aging men. Exp. Gerontol.
109, 75-81. doi: 10.1016/j.exger.2017.05.010

Granig, I, Lobel, A., and Engels, R. C. M. E. (2014). The benefits of playing video
games. Am. Psychol. 69, 66-78. doi: 10.1037/a0034857

Green, C. S., and Bavelier, D. (2007). Action-video-game experience alters the
spatial resolution of vision. Psychol. Sci. 18, 88-94. doi: 10.1111/j.1467-9280.
2007.01853.x

Green, C. S., and Bavelier, D. (2008). Exercising your brain: a review of human
brain plasticity and training-induced learning. Psychol. Aging 23, 692-701.
doi: 10.1037/a0014345

Green, C. S., Pouget, A., and Bavelier, D. (2010). Improved probabilistic inference
as a general learning mechanism with action video games. Curr. Biol. 20,
1573-1579. doi: 10.1016/j.cub.2010.07.040

Green, C. S., Strobach, T., and Schubert, T. (2014). On methodological
standards in training and transfer experiments. Psychol. Res. 78, 756-772.
doi: 10.1007/s00426-013-0535-3

Green, C. S., Sugarman, M. A., Medford, K., Klobusicky, E., and Daphne, B. (2012).
The effect of action video game experience on task-switching. Comput. Hum.
Behav. 28, 984-994. doi: 10.1016/j.chb.2011.12.020

Guzman, J. F., and Lopez-Garcia, J. (2016). Acute effects of exercise and active
video games on adults’ reaction time and perceived exertion. Eur. J. Sport Sci.
16, 1197-1203. doi: 10.1080/17461391.2016.1186744

Hasselmann, V., Oesch, P., Fernandez-Luque, L., and Bachmann, S. (2015).
Are exergames promoting mobility an attractive alternative to conventional
self-regulated exercises for elderly people in a rehabilitation setting?
Study protocol of a randomized controlled trial. BMC Geriat. 15:108.
doi: 10.1186/s12877-015-0106-0

Herbert, P., Grace, F. M., and Sculthorpe, N. F. (2015). Exercising caution:
prolonged recovery from a single session of high-intensity interval
training in older men. J. Am. Geriat. Soc. 63, 817-818. doi: 10.1111/jgs.
13365

Frontiers in Aging Neuroscience | www.frontiersin.org

September 2019 | Volume 11 | Article 260


https://doi.org/10.3389/fpsyg.2013.00031
https://doi.org/10.1177/1745691613491271
https://doi.org/10.1249/00005768-198205000-00012
https://doi.org/10.1249/00005768-198205000-00012
https://doi.org/10.7326/m17-0046
https://doi.org/10.7326/m17-0046
https://doi.org/23486800
https://doi.org/10.3389/fnhum.2012.00063
https://doi.org/10.1080/17461390701456148
https://doi.org/10.1007/s00421-001-0556-2
https://doi.org/10.7326/0003-4819-158-3-201302050-00583
https://doi.org/10.7326/0003-4819-158-3-201302050-00583
https://doi.org/10.1016/j.brainres.2012.02.068
https://doi.org/10.1177/0898264314551171
https://doi.org/10.1145/1232743.1232769
https://doi.org/10.1186/1741-7015-10-30
https://doi.org/10.1055/s-2007-1021042
https://doi.org/10.1055/s-2007-1021042
https://doi.org/10.1007/s00421-017-3651-8
https://doi.org/10.1186/s11556-017-0183-5
https://doi.org/10.1186/s11556-017-0183-5
https://doi.org/10.1249/01.MSS.0000078924.61453.FB
https://doi.org/10.1002/hbm.20776
https://doi.org/10.1038/nrn1246
https://doi.org/10.1016/j.pnpbp.2013.09.001
https://doi.org/10.1016/j.pnpbp.2013.09.001
https://doi.org/10.1146/annurev-psych-113011-143750
https://doi.org/10.1212/wnl.55.11.1621
https://doi.org/10.1212/wnl.55.11.1621
https://doi.org/10.2147/CIA.S87732
https://doi.org/10.3389/neuro.22.002.2009
https://doi.org/10.1016/0022-3956(75)90026-6
https://doi.org/10.1016/0022-3956(75)90026-6
https://doi.org/10.1177/1533317514545866
https://doi.org/10.1016/j.neuroimage.2011.06.090
https://doi.org/10.1016/j.neuroimage.2011.06.090
https://doi.org/10.1139/h11-048
https://doi.org/10.1016/j.exger.2017.05.010
https://doi.org/10.1037/a0034857
https://doi.org/10.1111/j.1467-9280.2007.01853.x
https://doi.org/10.1111/j.1467-9280.2007.01853.x
https://doi.org/10.1037/a0014345
https://doi.org/10.1016/j.cub.2010.07.040
https://doi.org/10.1007/s00426-013-0535-3
https://doi.org/10.1016/j.chb.2011.12.020
https://doi.org/10.1080/17461391.2016.1186744
https://doi.org/10.1186/s12877-015-0106-0
https://doi.org/10.1111/jgs.13365
https://doi.org/10.1111/jgs.13365
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

Himmelmeier et al.

Physical Exercise and Video Game

Hering, A., Rendell, P. G., Rose, N. S., Schnitzspahn, K. M., and Kliegel, M.
(2014). Prospective memory training in older adults and its relevance
for successful aging. Psychol. Res. 78, 892-904. doi: 10.1007/s00426-014-
0566-4

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

Hillman, C. H., Erickson, K. I, and Kramer, A. F. (2008). Be smart, exercise your
heart: exercise effects on brain and cognition. Nat. Rev. Neurosci. 9, 58-65.
doi: 10.1038/nrn2298

Huang, C.-M., Polk, T. A., Goh, J. O., and Park, D. C. (2012). Both left and right
posterior parietal activations contribute to compensatory processes in normal
aging. Neuropsychologia 50, 55-66. doi: 10.1016/j.neuropsychologia.2011.
10.022

Hughes, T. F., Flatt, J. D., Fu, B., Butters, M. A., Chang, C.-C. H., and Ganguli, M.
(2014). Interactive video gaming compared with health education in older
adults with mild cognitive impairment: a feasibility study. Int. J. Geriatr.
Psychiatry 29, 890-898. doi: 10.1002/gps.4075

Hwang, C.-L., Yoo, J.-K., Kim, H.-K,, Hwang, M.-H., Handberg, E. M,
Petersen, J. W., et al. (2016). Novel all-extremity high-intensity interval
training improves aerobic fitness, cardiac function and insulin resistance in
healthy older adults. Exp. Gerontol. 82, 112-119. doi: 10.1016/j.exger.2016.
06.009

Hyodo, K., Dan, I, Suwabe, K., Kyutoku, Y., Yamada, Y., Akahori, M., et al.
(2012). Acute moderate exercise enhances compensatory brain activation in
older adults. Neurobiol. Aging 33, 2621-2632. doi: 10.1016/j.neurobiolaging.
2011.12.022

Johnson, M. A. (2013). Strategies to improve diet in older adults. Proc. Nutr. Soc.
72, 166-172. doi: 10.1017/s0029665112002819

Johnson, L., Addamo, P. K. Selva Raj, I, Borkoles, E., Wyckelsma, V.,
Cyarto, E., et al. (2016). An acute bout of exercise improves the cognitive
performance of older adults. J. Aging Phys. Act. 24, 591-598. doi: 10.1123/japa.
2015-0097

Kamijo, K., Hayashi, Y., Sakai, T., Yahiro, T., Tanaka, K., and Nishihira, Y.
(2009). Acute effects of aerobic exercise on cognitive function in older
adults. J. Gerontol. B Psychol. Sci. Soc. Sci. 64, 356-363. doi: 10.1093/geronb/
gbp030

Kamijo, K., Nishihira, Y., Hatta, A., Kaneda, T., Kida, T., Higashiura, T.,
et al. (2004). Changes in arousal level by differential exercise intensity.
Clin.  Neurophysiol. ~ 115,  2693-2698.  doi:  10.1016/j.clinph.2004.
06.016

Kawashima, R., Okita, K., Yamazaki, R., Tajima, N., Yoshida, H., Taira, M., et al.
(2005). Reading aloud and arithmetic calculation improve frontal function
of people with dementia. J. Gerontol. A Biol. Sci. Med. Sci. 60, 380-384.
doi: 10.1093/gerona/60.3.380

Kempermann, G., Fabel, K., Ehninger, D., Babu, H., Leal-Galicia, P., Garthe, A.,
et al. (2010). Why and how physical activity promotes experience-induced
brain plasticity. Front. Neurosci. 4:189. doi: 10.3389/fnins.2010.00189

Kimura, K., and Hozumi, N. (2012). Investigating the acute effect of an aerobic
dance exercise program on neuro-cognitive function in elderly people. Psychol.
Sport Exerc. 13, 623-629. doi: 10.1016/j.psychsport.2012.04.001

Klingberg, T. (2010). Training and plasticity of working memory. Trends Cogn.
Sci. 14, 317-324. doi: 10.1016/j.tics.2010.05.002

Knowles, A.-M., Herbert, P., Easton, C., Sculthorpe, N., and Grace, F. M. (2015).
Impact of low-volume, high-intensity interval training on maximal aerobic
capacity, health-related quality of life and motivation to exercise in ageing men.
Age 37:25. doi: 10.1007/s11357-015-9763-3

Kramer, A. F., Colcombe, S. J., McAuley, E., Eriksen, K. I, Scalf, P., Jerome, G. J.,
et al. (2003). Enhancing brain and cognitive function of older adults
through fitness training. J. Mol. Neurosci. 20, 213-221. doi: 10.1385/jmn:
20:3:213

Kueider, A. M., Parisi, J. M., Gross, A. L., and Rebok, G. W. (2012). Computerized
cognitive training with older adults: a systematic review. PLoS One 7:¢40588.
doi: 10.1371/journal.pone.0040588

Langenecker, S. A., Nielson, K. A., and Rao, S. M. (2004). fMRI of healthy older
adults during Stroop interference. Neuroimage 21, 192-200. doi: 10.1016/j.
neuroimage.2003.08.027

Lee, P. H., Macfarlane, D. J., Lam, T. H.,, and Stewart, S. M. (2011). Validity
of the international physical activity questionnaire short form (IPAQ-SF): a
systematic review. Int. J. Behav. Nutr. Phys. Act. 8:115. doi: 10.1186/1479-5868-
8-115

Li, L., Men, W.-W,, Chang, Y.-K,, Fan, M.-X,, Ji, L., and Wei, G.-X. (2014).
Acute aerobic exercise increases cortical activity during working memory:
a functional MRI study in female college students. PLoS One 9:€99222.
doi: 10.1371/journal.pone.0099222

Ludyga, S., Gerber, M., Brand, S., Holsboer-Trachsler, E., and Piihse, U. (2016).
Acute effects of moderate aerobic exercise on specific aspects of executive
function in different age and fitness groups: a meta-analysis. Psychophysiology
53, 1611-1626. doi: 10.1111/psyp.12736

Lyons, E. J. (2015). Cultivating engagement and enjoyment in exergames using
feedback, challenge, and rewards. Games Health ]. 4, 12-18. doi: 10.1089/g4h.
2014.0072

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

Mat Rosly, M., Mat Rosly, H., Davis Oam, G. M., Husain, R, and
Hasnan, N. (2017). Exergaming for individuals with neurological disability: a
systematic review. Disabil. Rehabil. 39, 727-735. doi: 10.3109/09638288.2016.
1161086

McDaniel, M. A,, Binder, E. F., Bugg, J. M., Waldum, E. R., Dufault, C., Meyer, A.,
et al. (2014). Effects of cognitive training with and without aerobic exercise
on cognitively demanding everyday activities. Psychol. Aging 29, 717-730.
doi: 10.1037/a0037363

McDougall, S., and House, B. (2012). Brain training in older adults: evidence
of transfer to memory span performance and pseudo-Matthew effects.
Neuropsychol. Dev. Cogn. B Aging Neuropsychol. Cogn. 19, 195-221.
doi: 10.1080/13825585.2011.640656

McMorris, T., and Hale, B. J. (2012). Differential effects of differing intensities
of acute exercise on speed and accuracy of cognition: a meta-analytical
investigation. Brain Cogn. 80, 338-351. doi: 10.1016/j.bandc.2012.
09.001

McMorris, T., and Hale, B. J. (2015). Is there an acute exercise-induced
physiological/biochemical threshold which triggers increased speed of
cognitive functioning? A meta-analytic investigation. J. Sport Health Sci. 4,
4-13. doi: 10.1016/j.jshs.2014.08.003

McMorris, T., Sproule, J., Turner, A., and Hale, B. J. (2011). Acute, intermediate
intensity exercise, and speed and accuracy in working memory tasks:
a meta-analytical comparison of effects. Physiol. Behav. 102, 421-428.
doi: 10.1016/j.physbeh.2010.12.007

Milham, M. P., Banich, M. T., Webb, A., Barad, V., Cohen, N. J., Wszalek, T., et al.
(2001). The relative involvement of anterior cingulate and prefrontal cortex in
attentional control depends on nature of conflict. Cogn. Brain Res. 12, 467-473.
doi: 10.1016/50926-6410(01)00076-3

Mishra, J., Bavelier, D., and Gazzaley, A. (2012). How to assess gaming-induced
benefits on attention and working memory. Games Health ]. 1, 192-198.
doi: 10.1089/g4h.2011.0033

Miyake, A., Friedman, N. P., Emerson, M. J., Witzki, A. H., Howerter, A,,
and Wager, T. D. (2000). The unity and diversity of executive functions
and their contributions to complex “Frontal Lobe” tasks: a latent
variable analysis. Cogn. Psychol. 41, 49-100. doi: 10.1006/cogp.1999.
0734

Moher, D., Hopewell, S., Schulz, K. F., Montori, V., Gotzsche, P. C,
Devereaux, P. J., et al. (2010). CONSORT 2010 explanation and elaboration:
updated guidelines for reporting parallel group randomised trials. BMJ
340:c869. doi: 10.1136/bmj.c869

Monteiro-Junior, R. S., da Silva Figueiredo, L. F., Maciel-Pinheiro, P. D. T,
Abud, E. L. R, Braga, A. E. M. M, Barca, M. L,, et al. (2017). Acute effects
of exergames on cognitive function of institutionalized older persons: a single-
blinded, randomized and controlled pilot study. Aging Clin. Exp. Res. 29,
387-394. doi: 10.1007/s40520-016-0595-5

Monteiro-Junior, R. S., Vaghetti, C. A. O., Nascimento, O. J. M., Laks, J., and
Deslandes, A. C. (2016). Exergames: neuroplastic hypothesis about cognitive
improvement and biological effects on physical function of institutionalized
older persons. Neural Regen. Res. 11, 201-204. doi: 10.4103/1673-5374.
177709

Frontiers in Aging Neuroscience | www.frontiersin.org

September 2019 | Volume 11 | Article 260


https://doi.org/10.1007/s00426-014-0566-4
https://doi.org/10.1007/s00426-014-0566-4
https://doi.org/10.1111/j.1539-6053.2009.01034.x
https://doi.org/10.1038/nrn2298
https://doi.org/10.1016/j.neuropsychologia.2011.10.022
https://doi.org/10.1016/j.neuropsychologia.2011.10.022
https://doi.org/10.1002/gps.4075
https://doi.org/10.1016/j.exger.2016.06.009
https://doi.org/10.1016/j.exger.2016.06.009
https://doi.org/10.1016/j.neurobiolaging.2011.12.022
https://doi.org/10.1016/j.neurobiolaging.2011.12.022
https://doi.org/10.1017/s0029665112002819
https://doi.org/10.1123/japa.2015-0097
https://doi.org/10.1123/japa.2015-0097
https://doi.org/10.1093/geronb/gbp030
https://doi.org/10.1093/geronb/gbp030
https://doi.org/10.1016/j.clinph.2004.06.016
https://doi.org/10.1016/j.clinph.2004.06.016
https://doi.org/10.1093/gerona/60.3.380
https://doi.org/10.3389/fnins.2010.00189
https://doi.org/10.1016/j.psychsport.2012.04.001
https://doi.org/10.1016/j.tics.2010.05.002
https://doi.org/10.1007/s11357-015-9763-3
https://doi.org/10.1385/jmn:20:3:213
https://doi.org/10.1385/jmn:20:3:213
https://doi.org/10.1371/journal.pone.0040588
https://doi.org/10.1016/j.neuroimage.2003.08.027
https://doi.org/10.1016/j.neuroimage.2003.08.027
https://doi.org/10.1186/1479-5868-8-115
https://doi.org/10.1186/1479-5868-8-115
https://doi.org/10.1371/journal.pone.0099222
https://doi.org/10.1111/psyp.12736
https://doi.org/10.1089/g4h.2014.0072
https://doi.org/10.1089/g4h.2014.0072
https://doi.org/10.1037/a0026268
https://doi.org/10.3109/09638288.2016.1161086
https://doi.org/10.3109/09638288.2016.1161086
https://doi.org/10.1037/a0037363
https://doi.org/10.1080/13825585.2011.640656
https://doi.org/10.1016/j.bandc.2012.09.001
https://doi.org/10.1016/j.bandc.2012.09.001
https://doi.org/10.1016/j.jshs.2014.08.003
https://doi.org/10.1016/j.physbeh.2010.12.007
https://doi.org/10.1016/s0926-6410(01)00076-3
https://doi.org/10.1089/g4h.2011.0033
https://doi.org/10.1006/cogp.1999.0734
https://doi.org/10.1006/cogp.1999.0734
https://doi.org/10.1136/bmj.c869
https://doi.org/10.1007/s40520-016-0595-5
https://doi.org/10.4103/1673-5374.177709
https://doi.org/10.4103/1673-5374.177709
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

Himmelmeier et al.

Physical Exercise and Video Game

Nouchi, R, Taki, Y., Takeuchi, H., Hashizume, H., Akitsuki, Y., Shigemune, Y.,
et al. (2012). Brain training game improves executive functions and processing
speed in the elderly: a randomized controlled trial. PLoS One 7:€29676.
doi: 10.1371/journal.pone.0029676

Nouchi, R., Taki, Y., Takeuchi, H., Hashizume, H., Nozawa, T., Kambara, T., et al.
(2013). Brain training game boosts executive functions, working memory and
processing speed in the young adults: a randomized controlled trial. PLoS One
8:e55518. doi: 10.1371/journal.pone.0055518

Oei, A. C,, and Patterson, M. D. (2013). Enhancing cognition with video games:
a multiple game training study. PLoS One 8:e58546. doi: 10.1371/journal.pone.
0058546

Oei, A. C,, and Patterson, M. D. (2014). Are videogame training gains specific or
general? Front. Syst. Neurosci. 8:54. doi: 10.3389/fnsys.2014.00054

Ogoh, S., Tsukamoto, H., Hirasawa, A., Hasegawa, H., Hirose, N., and
Hashimoto, T. (2014). The effect of changes in cerebral blood flow on
cognitive function during exercise. Physiol. Rep. 2:¢12163. doi: 10.14814/phy2.
12163

Olesen, P. J., Westerberg, H., and Klingberg, T. (2004). Increased prefrontal and
parietal activity after training of working memory. Nat. Neurosci. 7, 75-79.
doi: 10.1038/nn1165

Ordnung, M., Hoff, M., Kaminski, E., Villringer, A., and Ragert, P. (2017). No
overt effects of a 6-week exergame training on sensorimotor and cognitive
function in older adults. A preliminary investigation. Front. Hum. Neurosci.
11:160. doi: 10.3389/fnhum.2017.00160

Owen, A. M., Hampshire, A., Grahn, J. A,, Stenton, R., Dajani, S., Burns, A. S,,
et al. (2010). Putting brain training to the test. Nature 465, 775-778.
doi: 10.1038/nature09042

Pandis, N., Chung, B., Scherer, R. W., Elbourne, D., and Altman, D. G. (2017).
CONSORT 2010 statement: extension checklist for reporting within person
randomised trials. BM] 357:j2835. doi: 10.1136/bmj.j2835

Phillips, C. (2017). Lifestyle modulators of neuroplasticity: how physical activity,
mental engagement, and diet promote cognitive health during aging. Neural
Plast. 2017:3589271. doi: 10.1155/2017/3589271

Piepmeier, A. T., and Etnier, J. L. (2015). Brain-derived neurotrophic factor
(BDNF) as a potential mechanism of the effects of acute exercise on
cognitive performance. J. Sport Health Sci. 4, 14-23. doi: 10.1016/j.jshs.2014.
11.001

Piepoli, M. F., Hoes, A. W., Agewall, S., Albus, C., Brotons, C., Catapano, A. L.,
et al. (2016). 2016 European Guidelines on cardiovascular disease prevention
in clinical practice: the sixth joint task force of the european society of
cardiology and other societies on cardiovascular disease prevention in clinical
practice (constituted by representatives of 10 societies and by invited experts)
Developed with the special contribution of the European Association for
Cardiovascular Prevention and Rehabilitation (EACPR). Atherosclerosis 252,
207-274. doi: 10.1016/j.atherosclerosis.2016.05.037

Prakash, R. S., Erickson, K. I, Colcombe, S. J., Kim, J. S., Voss, M. W., and
Kramer, A. F. (2009). Age-related differences in the involvement of the
prefrontal cortex in attentional control. Brain Cogn. 71, 328-335. doi: 10.1016/j.
bandc.2009.07.005

Primack, B. A., Carroll, M. V., McNamara, M., Klem, M. L., King, B., Rich, M.,
et al. (2012). Role of video games in improving health-related outcomes: a
systematic review. Am. J. Prev. Med. 42, 630-638. doi: 10.1016/j.amepre.2012.
02.023

R Core Team. (2018). R: A Language and Environment for Statistical Computing.
R Foundation for Statistical Computing. Vienna, Austria. Available online at:
https://www.R-project.org/. Accessed December 20, 2018.

Redick, T. S., Unsworth, N., Kane, M. J., and Hambrick, D. Z. (2017). Do not
shoot the messenger: still no evidence that video-game experience is related
to cognitive abilities—a reply to Green et al. (2017). Psychol. Sci. 28, 683-686.
doi: 10.1177/0956797617698527

Riebe, D., Franklin, B. A., Thompson, P. D., Garber, C. E., Whitfield, G. P.,
Magal, M., et al. (2015). Updating ACSM’s recommendations for exercise
preparticipation health screening. Med. Sci. Sports Exerc. 47, 2473-2479.
doi: 10.1249/MSS.0000000000000664

Rognmo, @., Moholdt, T., Bakken, H., Hole, T., Molstad, P., Myhr, N. E,,
et al. (2012). Cardiovascular risk of high- versus moderate-intensity aerobic
exercise in coronary heart disease patients. Circulation 126, 1436-1440.
doi: 10.1161/CIRCULATIONAHA.112.123117

Roig, M., Nordbrandt, S., Geertsen, S. S., and Nielsen, J. B. (2013). The effects
of cardiovascular exercise on human memory: a review with meta-analysis.
Neurosci. Biobehav. Rev. 37, 1645-1666. doi: 10.1016/j.neubiorev.2013.
06.012

Schmidt-Kassow, M., Schidle, S., Otterbein, S., Thiel, C., Doehring, A., Lotsch, J.,
et al. (2012). Kinetics of serum brain-derived neurotrophic factor following
low-intensity versus high-intensity exercise in men and women. Neuroreport
23, 889-893. doi: 10.1097/wnr.0b013e32835946ca

Shafer, D. M., and Carbonara, C. P. (2015). Examining enjoyment of
casual videogames. Games Health ]. 4, 452-459. doi: 10.1089/g4h.
2015.0012

Sherry, J. L. (2004). Flow and media enjoyment. Commun. Theory 14, 328-347.
doi: 10.1093/ct/14.4.328

Shute, V. J., Ventura, M., and Ke, F. (2015). The power of play: the effects of Portal
2 and Lumosity on cognitive and noncognitive skills. Comp. Educ. 80, 58-67.
doi: 10.1016/j.compedu.2014.08.013

Skriver, K., Roig, M., Lundbye-Jensen, J., Pingel, J., Helge, J. W., Kiens, B.,
et al. (2014). Acute exercise improves motor memory: exploring potential
biomarkers. Neurobiol. Learn. Mem. 116, 46-58. doi: 10.1016/j.nlm.2014.
08.004

Soares, J. M., Magalhaes, R., Moreira, P. S., Sousa, A., Ganz, E., Sampaio, A., et al.
(2016). A Hitchhiker’s guide to functional magnetic resonance imaging. Front.
Neurosci. 10:515. doi: 10.3389/fnins.2016.00515

Stanmore, E., Stubbs, B., Vancampfort, D., de Bruin, E. D., and Firth, J. (2017).
The effect of active video games on cognitive functioning in clinical and
non-clinical populations: a meta-analysis of randomized controlled trials.
Neurosci. Biobehav. Rev. 78, 34-43. doi: 10.1016/j.neubiorev.2017.04.011

Strobach, T., Frensch, P. A., and Schubert, T. (2012). Video game practice
optimizes executive control skills in dual-task and task switching situations.
Acta Psychol. 140, 13-24. doi: 10.1016/j.actpsy.2012.02.001

Stroop, J. R. (1935). Studies of interference in serial verbal reactions. J. Exp. Psychol.
18, 643-662. doi: 10.1037/h0054651

Suchy, Y. (2009). Executive functioning: overview, assessment, and research
issues for non-neuropsychologists. Ann. Behav. Med. 37, 106-116.
doi: 10.1007/s12160-009-9097-4

Tanaka, H., Monahan, K. D., and Seals, D. R. (2001). Age-predicted maximal
heart rate revisited. J. Am. Coll. Cardiol. 37, 153-156. doi: 10.1016/s0735-
1097(00)01054-8

Tempest, G. D., Davranche, K., Brisswalter, J., Perrey, S., and Radel, R. (2017).
The differential effects of prolonged exercise upon executive function and
cerebral oxygenation. Brain Cogn. 113, 133-141. doi: 10.1016/j.bandc.2017.
02.001

Tomporowski, P. D. (2003).
cognition. Acta Psychol.
00134-8

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

Toril, P., Reales, J. M., Mayas, J., and Ballesteros, S. (2016). Video game training
enhances visuospatial working memory and episodic memory in older adults.
Front. Hum. Neurosci. 10:206. doi: 10.3389/fnhum.2016.00206

Uchida, S., and Kawashima, R. (2008). Reading and solving arithmetic problems
improves cognitive functions of normal aged people: a randomized controlled
study. Age 30, 21-29. doi: 10.1007/s11357-007-9044-x

Verheijden Klompstra, L., Jaarsma, T., and Stromberg, A. (2014). Exergaming
in older adults: a scoping review and implementation potential for
patients with heart failure. Eur. J. Cardiovasc. 13, 388-398.
doi: 10.1177/1474515113512203

Voss, M. W., Nagamatsu, L. S., Liu-Ambrose, T., and Kramer, A. F. (2011).
Exercise, brain, and cognition across the life span. J. Appl. Physiol. 111,
1505-1513. doi: 10.1152/japplphysiol.00210.2011

Wartenburger, I., Heekeren, H. R., Preusse, F., Kramer, J., and van der Meer, E.
(2009). Cerebral correlates of analogical processing and their modulation
by training. Neuroimage 48, 291-302. doi: 10.1016/j.neuroimage.2009.
06.025

Westerberg, H., and Klingberg, T. (2007). Changes in cortical activity after training
of working memory—a single-subject analysis. Physiol. Behav. 92, 186-192.
doi: 10.1016/j.physbeh.2007.05.041

Effects of acute bouts of exercise on
112, 297-324. doi: 10.1016/s0001-6918(02)

Nurs.

Frontiers in Aging Neuroscience | www.frontiersin.org

September 2019 | Volume 11 | Article 260


https://doi.org/10.1371/journal.pone.0029676
https://doi.org/10.1371/journal.pone.0055518
https://doi.org/10.1371/journal.pone.0058546
https://doi.org/10.1371/journal.pone.0058546
https://doi.org/10.3389/fnsys.2014.00054
https://doi.org/10.14814/phy2.12163
https://doi.org/10.14814/phy2.12163
https://doi.org/10.1038/nn1165
https://doi.org/10.3389/fnhum.2017.00160
https://doi.org/10.1038/nature09042
https://doi.org/10.1136/bmj.j2835
https://doi.org/10.1155/2017/3589271
https://doi.org/10.1016/j.jshs.2014.11.001
https://doi.org/10.1016/j.jshs.2014.11.001
https://doi.org/10.1016/j.atherosclerosis.2016.05.037
https://doi.org/10.1016/j.bandc.2009.07.005
https://doi.org/10.1016/j.bandc.2009.07.005
https://doi.org/10.1016/j.amepre.2012.02.023
https://doi.org/10.1016/j.amepre.2012.02.023
https://www.R-project.org/
https://doi.org/10.1177/0956797617698527
https://doi.org/10.1249/MSS.0000000000000664
https://doi.org/10.1161/CIRCULATIONAHA.112.123117
https://doi.org/10.1016/j.neubiorev.2013.06.012
https://doi.org/10.1016/j.neubiorev.2013.06.012
https://doi.org/10.1097/wnr.0b013e32835946ca
https://doi.org/10.1089/g4h.2015.0012
https://doi.org/10.1089/g4h.2015.0012
https://doi.org/10.1093/ct/14.4.328
https://doi.org/10.1016/j.compedu.2014.08.013
https://doi.org/10.1016/j.nlm.2014.08.004
https://doi.org/10.1016/j.nlm.2014.08.004
https://doi.org/10.3389/fnins.2016.00515
https://doi.org/10.1016/j.neubiorev.2017.04.011
https://doi.org/10.1016/j.actpsy.2012.02.001
https://doi.org/10.1037/h0054651
https://doi.org/10.1007/s12160-009-9097-4
https://doi.org/10.1016/s0735-1097(00)01054-8
https://doi.org/10.1016/s0735-1097(00)01054-8
https://doi.org/10.1016/j.bandc.2017.02.001
https://doi.org/10.1016/j.bandc.2017.02.001
https://doi.org/10.1016/s0001-6918(02)00134-8
https://doi.org/10.1016/s0001-6918(02)00134-8
https://doi.org/10.1037/a0037507
https://doi.org/10.3389/fnhum.2016.00206
https://doi.org/10.1007/s11357-007-9044-x
https://doi.org/10.1177/1474515113512203
https://doi.org/10.1152/japplphysiol.00210.2011
https://doi.org/10.1016/j.neuroimage.2009.06.025
https://doi.org/10.1016/j.neuroimage.2009.06.025
https://doi.org/10.1016/j.physbeh.2007.05.041
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

Himmelmeier et al.

Physical Exercise and Video Game

Weston, K. S., Wisleff, U, and Coombes, J. S. (2014). High-intensity
interval training in patients with lifestyle-induced cardiometabolic disease:
a systematic review and meta-analysis. Br. J. Sports Med. 48, 1227-1234.
doi: 10.1136/bjsports-2013-092576

Yamashita, A., Kawakami, M., Inagaki, Y., and Ohkubo, T. (2001). A prescriptive
exercise program for health maintenance. Int. J. Occup. Saf. Ergon. 7, 195-209.
doi: 10.1080/10803548.2001.11076486

Yanagisawa, H., Dan, L, Tsuzuki, D., Kato, M., Okamoto, M., Kyutoku, Y.,

(2010). increased dorsolateral

prefrontal activation and improves cognitive performance with Stroop

Neuroimage 50, 1702-1710. doi:  10.1016/j.neuroimage.2009.

et al Acute moderate exercise elicits
test.
12.023

Zelinski, E. M., and Reyes, R. (2009). Cognitive benefits of computer games for
older adults. Gerontechnology 8, 220-235. doi: 10.4017/gt.2009.08.04.004.00

Zeng, N., Pope, Z., Lee, ]. E,, and Gao, Z. (2017). A systematic review of active
video games on rehabilitative outcomes among older patients. J. Sport Health
Sci. 6, 33-43. doi: 10.1016/j.jshs.2016.12.002

Zysset, S., Miiller, K., Lohmann, G., and von Cramon, D. Y. (2001). Color-
word matching stroop task: separating interference and response conflict.
Neuroimage 13, 29-36. doi: 10.1006/nimg.2000.0665

Zysset, S., Schroeter, M. L., Neumann, J., and von Cramon, D. Y. (2007). Stroop
interference, hemodynamic response and aging: an event-related fMRI study.
Neurobiol. of Aging 28, 937-946. doi: 10.1016/j.neurobiolaging.2006.05.008

Conflict of Interest: RK is the creator of Brain Age. Tohoku University, to which
RK belongs, has received royalties generated by Brain Age sales. RK has no other
competing interest. This does not alter the authors’ adherence to general research
policies on sharing data and materials.

The remaining 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 © 2019 Himmelmeier, Nouchi, Saito, Burin, Wiltfang and Kawashima.
This is an open-access 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) and the copyright owner(s) 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.

Frontiers in Aging Neuroscience | www.frontiersin.org

18

September 2019 | Volume 11 | Article 260


https://doi.org/10.1136/bjsports-2013-092576
https://doi.org/10.1080/10803548.2001.11076486
https://doi.org/10.1016/j.neuroimage.2009.12.023
https://doi.org/10.1016/j.neuroimage.2009.12.023
https://doi.org/10.4017/gt.2009.08.04.004.00
https://doi.org/10.1016/j.jshs.2016.12.002
https://doi.org/10.1006/nimg.2000.0665
https://doi.org/10.1016/j.neurobiolaging.2006.05.008
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

	Study Protocol: Does an Acute Intervention of High-Intensity Physical Exercise Followed by a Brain Training Video Game Have Immediate Effects on Brain Activity of Older People During Stroop Task in fMRI?—A Randomized Controlled Trial With Crossover Design
	BACKGROUND
	Physical Exercise
	Video Gaming
	Combination of Physical Exercise and Video Gaming

	BRAIN ACTIVITY IN ELDERLY PEOPLE DURING PHYSICAL EXERCISE AND VIDEO GAMING
	Cognitive Task for Executive Function
	Neural Correlates for Stroop Task in Elderly People
	Brain Activity of Elderly People After Physical Exercise
	Brain Activity of Elderly People After Video Gaming

	PURPOSE
	HYPOTHESIS
	Primary Hypotheses
	Secondary Hypotheses

	METHODS
	Trial Design, Setting and Registration
	Participants
	Eligibility Criteria
	Risks and Benefits to Participants
	Sample Size
	Interventions Overview
	Physical Exercise Intervention
	Video Game Intervention
	Cognitive Task
	fMRI Session

	OUTCOME
	Randomization
	Allocation and Implementation
	Blinding
	Expectation and Engagement
	Stroop Task Analysis
	Analysis of Expectation and Engagement
	Analysis of Physical and Game Performances
	fMRI Analysis
	Data Management
	Data Monitoring and Auditing
	Research Ethics Approval and Informed Consent
	Confidentiality
	Declaration of Interests
	Access to Data
	Dissemination Policy

	DISCUSSION
	Physical Exercise
	Video Gaming
	Combination of Physical Exercise and Video Gaming

	STRENGTH AND LIMITATIONS
	GENERALIZABILITY
	ETHICS STATEMENT
	AUTHOR CONTRIBUTIONS
	FUNDING
	ACKNOWLEDGMENTS
	SUPPLEMENTARY MATERIAL
	REFERENCES


