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Abstract: (1) Cognitive function may benefit from physical exercise in older adults. However,
controversy remains over which mode of exercise is more beneficial. (2) The aim of the proposed
study is to investigate the effect of open-skill exercise training on cognitive function in community
dwelling older adults compared with closed-skill exercise, cognitive training, and active control.
(3) One hundred and sixty participants, aged between 60 and 80 years old, will be recruited from
community senior centers in Yangzhou, China and randomly assigned to one of four groups: open-
skill exercise group, closed-skill exercise group, mobile game playing group, and active control
group. All participants will join a 24-week program involving 50 min sessions three times a week.
The primary outcome measure is visuospatial working memory. Secondary measures include
subjective memory complaint, attention network, nonverbal reasoning ability, and physical activities.
All participants will be measured before, mid-way, and immediately after intervention, and three
months later. (4) If successful, this study is expected to provide evidence-based recommendations
for older adults to select the most efficient and effective mode of exercise to improve cognitive
function. Importantly, the three intervention groups provide an opportunity to separate the cognitive
activity component from the physical activity component. Comparison of these components is
expected to help elucidate possible mechanisms contributing to the additional cognitive benefit of
open-skill exercises.

Keywords: open-skill exercises; closed-skill exercises; cognition; older adults

1. Introduction

Data issued by the National Bureau of Statistics of China indicate that there were
249 million (represent 17.9% of the total) people aged over 60 and 167 million (represent
11.9% of the total) aged over 65 in China in 2019. The prevalence of dementia in elderly
people over 65 years old is 3.2–9.9% [1], which means that there are 5.3–16.5 million de-
mentia patients in China. Cognitive function declines with aging, especially in people
with neurodegenerative diseases, such as dementia and Alzheimer’s [2]. Aging-related
cognitive decline and cognitive impairment impact the quality and expectancy of life in
old people [3], and is of great public health and economic concern. Of note, certain types
of cognitive variables remain intact, while others become impaired, with cognitive aging.
Salthouse et al., (2010) demonstrated a nearly linear decline from early adulthood with
respect to memory, spatial visualization, speed, and reasoning, whereas vocabulary knowl-
edge could still increase until the age of 60 [4]. That is to say, “held” cognitive variables
include vocabulary and general information in which the relevant acquisition occurred
earlier in one’s life, while the “non-held” variables tend to involve the manipulation and
transformation of information. Thus, the proposed study will mainly focus on aspect of
cognition that decline with aging.
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Cognitive function reacts sensitively to environmental changes, and can be signif-
icantly improved after certain intervention. Several studies have shown that cognitive
function may benefit from physical exercise in older adults [5–7]. Yet, Diamond et al.,
(2016) argued that aerobic exercise without any cognitive component produces little or no
cognitive benefit. The authors predicted that, besides direct exercise training, successful
approaches should incorporate cognitive, emotional, and social needs [8]. The authors also
stressed that certain modes of physical exercise, including aerobic-exercise and resistance-
training, are among the least effective ways of improving executive functions [9]. Therefore,
physical training should extend beyond simple moving to moving with thought [10].
Fortunately, various studies have started to focus on identifying cognitive benefit from
combinations of cognitive training and physical exercise. Some studies examined these
components separately, while others conducted the two components simultaneously. The
separate approach usually involves cognitive trainings (e.g., focus on memory, attention,
executive function, visuospatial ability), followed by physical exercise (e.g., aerobic exercise,
resistance training), or vice versa [11–16]. The simultaneous approach is usually conducted
in dual-tasks, such as completing the cognitive task during physical exercise [17–20] or in
exergames, which combine physical exercise with computer-simulated environments and
interactive videogame features [7,21]. In general, that simultaneous approach tends to have
a larger effect size than the separate approach on cognition [22,23]. However, concerns
exist that the similarity between cognitive assessments and dual-tasks produce a learning
effect that impacts the reliability of the results. Laboratory based intervention cannot easily
be generalized to everyday life of the elderly.

Thus, the present study introduces a new approach with high ecological validity by
combining physical exercise and cognitive training simultaneously, specifically open-skill
exercises. Open-skill exercises are defined as exercises in which participants are required
to react in a dynamically changing, unpredictable, and externally environment (e.g., table
tennis, badminton). In contrast, closed-skill exercises are conducted in an environment
that is relatively stable, predictable, and self-paced (e.g., running and swimming) [24].
Previous studies confirmed that older adults demonstrated better executive function when
participating in open-skill exercises compared to closed-skill exercises [25–29]. Children
who played open-skill exercises also exhibited better cognitive functions and academic
achievement than those who played closed-skill exercises [28,30,31]. Open-skill exercises
might be advantageous because participants must mentally compare the present situa-
tion with past ones, and use this information to predict likely outcomes; consequently,
participants must use their cognitive functions.

Our previous cross-sectional study on healthy older adults showed that both closed-
skill and open-skill exercisers exhibited better visuospatial working memory compared
to sedentary older adults. Specifically, open-skill exercises that demand higher cognitive
processing exhibited selective benefits for the passive maintenance of working memory [32].
However, the cross-sectional design could only reveal a possible relationship, not a causal
relationship. Additionally, the reason why open-skill exercise produces additional cognitive
benefits to working memory remains unknown. Therefore, the present study protocol
provides a first step to initiate an intervention study to answer the question that which
type of exercise is better for older adults to decay cognitive decline. The protocol will
further reveal the mechanism by setting a cognitive training group besides the open-skill
and closed-skill exercise groups. Open-skill exercises can be viewed as a combination of
physical exercise and cognitive training, closed-skill exercises and cognitive trainings can
be viewed as pure physical exercise or cognitive training. This design may provide the
opportunity to separate the physical activity component and cognitive activity component
by comparing differences among the groups.

The primary objective is to investigate the effect of 24 weeks of open-skill exercise
training on the cognitive function of heathy older adults in comparison to the closed-skill
exercise group, cognitive training group, and control group. It is hypothesized that both
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training regimes will have a positive effect on cognitive function compared to the control,
with the largest effect occurring in the open-skill exercise group.

2. Materials and Methods
2.1. Study Design

This study is a double-blind, 24-week randomized controlled trail (RCT) with three
experimental intervention groups and an active control group. Participants will be ran-
domly allocated to one of the four groups. The outcome measures will be performed at
baseline, mid-way through intervention, immediately after intervention, and at a 3-month
post-intervention follow-up. All tests and measures will be conducted by trained profes-
sionals who are blinded to the group assignment. The study design is presented in Figure 1.
The schedule of enrolment, interventions, and assessments is presented in Figure 2.

Figure 1. Flowchart of the study design.

The study protocol has been approved by the Ethics Committee of Yangzhou Univer-
sity (YXYLL-2020-106). The methods for consent were registered at Chinese Clinical Trail
Registry (ChiCTR2000038733), and the data will be uploaded at the site when finishing the
trial. The informed consent form will be obtained from all participants.
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Figure 2. Schedule of enrolment, interventions, and assessments of the trial. t1: baseline (week 1),
t2: intermediate of intervention (week 13), t3: immediately post-intervention (week 25), t4: twelve
weeks after intervention (week 37), VWMT: visuospatial working memory task, VSMT: visuospatial
short-term memory task, VMTT: visuospatial mental rotation task, MAC-Q: Memory Complaint
Questionnaire, ANT: attention network test, MRT: matrix reasoning test, IPAQ: International Physical
Activity Questionnaire.

2.2. Participant Recruitment and Selection

Participants aged between 60 and 80 years will be recruited from the community senior
centers in Yangzhou, China. Both male and female participants will be used. The older
adults who are interested in participating in the research will be subject to a short interview
to confirm their eligibility in the research. Potential participants will be screened using the
Mini-Mental Status Examination (MMSE) [33] and exercise-related questionnaire [34].

Eligible participants are additionally required to satisfy the following criteria:
(1) 60–80 years of age, (2) apparently healthy, free of cardiovascular disease, musculoskele-
tal problems, and psychiatric and neurological disorders, (3) normal body weight (body
mass index is less than 25.0 and more than 18.5), (4) strong right handedness, (5) corrected
visual acuity of at least 20/40, (6) a sedentary lifestyle, exercise at irregular base, and were
assessed at the inactivity or low activity level, (7) voluntary participation in the study and
willing to give written informed consent.

Participants will be excluded for any of the following: (1) objective cognitive impair-
ment as measured by a MMSE score less than 25, (2) had experience playing table tennis in
the past, (3) participated in similar research before, (4) any conflict with the objectives of
this study.
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2.3. Sample Size

The required sample size of the study was assessed by a priori power analysis (per-
formed by G-Power). To attain a power of 0.8 (1-βerror probability), with a significant level
at 0.05, 136 participants will be needed in the study.

Because the subjects are retired, older adults and due to the voluntary nature of
enrollment, the attrition rate of the study is anticipated to be relatively low. When also con-
sidering other factors (such as health status, environment, and other emergency situations),
a general attrition rate of 15% will be calculated in the recruitment plan task. Twenty-four
additional participants will be recruited to compensate for the predicted drop-out rate,
with 40 participants in each intervention condition.

To maximize compliance, the attendance and exercise performance of participants in
the intervention will be monitored routinely throughout the trial.

2.4. Randomization

After signing the written informed consent, eligible participants will be randomly
assigned to the active control group, and one of the three experimental intervention groups
by the principal researchers. The randomization procedure will be run by an independent
statistician using a computerized randomization program. The participants do not know
the real purpose of the study, they are just told that they are participating in a project that
aims to enrich the life of community dwelling older adults and that they are randomly
allocated to different groups of the project according to a computerized randomization
program. Participants and two principal researchers know the group assignments. Those
who perform the intervention and outcome measures will be blinded to the allocation
of participants.

2.5. Interventions and Control Condition

Participants in each intervention group will be told to enroll in a 24-week program
and complete 50 min sessions three times a week, and to keep their regular daily life in
normal living condition. All interventions will be conducted in the community center
under the supervision of personnel who will be trained by the principle researchers to
ensure the standardized administration of the intervention protocols.

The intervention conditions include: (1) open-skill exercise condition, which involves
a combination of physical and cognitive training, (2) closed-skill exercise condition, which
involves physical exercise training alone, (3) mobile game playing condition, which is
considered as cognitive training alone, (4) active control condition.

2.5.1. Open-Skill Exercise Condition

The open-skill exercise group will participate in a specially designed table tennis
training program. The exercise intervention will be performed in a sequence of increasing
complexity under the instruction of trainers. The trainers will be chosen from college
students majoring in table tennis training.

The procedure of each single intervention session includes a warm-up, training in the
basic skills of table tennis, playing table tennis with each other, special tasks designed to
increase the cognitive load, and a cool down period. The aim of basic skills training is to
improve general skills. It includes the following component: serving, backhand blocking,
forehand attacking, left side blocking, and right side attacking (including footwork). After
the coaches have demonstrated the basic skills, participants will practice with each other
(or with the coaches). Training for each skill begins with simple movement, and then
progresses to more complex skills, according to their degree of mastery.

To add more cognitive load to physical exercises during the process of learning the
basic skills, tasks must be planned and a program of movement will be designed. This
approach will be structured to achieve a particular type of training that is expected to relate
to executive function. Table-tennis balls will be successively thrown to participant by a
serving machine on one side of the ping-pong table. Participants stand on the other side of
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the table, and must anticipant the ball trajectory to intercept it. Balls are of two different
colors; half are white and half are yellow. Three different tasks were designed to increase
cognitive load. Participants must intercept the white ball but ignore the yellow ball in task
1, which requires inhibition function during movement. Task 2 requires participants to
hit the white ball to the left side and the yellow ball to the right side across the ping-pong
table. which needs task-switch ability. Task 3 was designed to train the working memory
ability by asking participants to hit the ball to the left side if the previous ball is white and
to the right if previous ball is yellow.

All participants will be required to move continuously during the training to maintain
an average individual target heart rate reserve (HRR) of 40–59%.

2.5.2. Closed-Skill Exercise Condition

The closed-skill exercise group will use a cycle ergometer or motor-driven treadmill
with a moderate intensity (40–59% HRR). Each training session will include a warm-
up, cycle ergometer riding or brisk walking/jogging for 30 min, and cool down period.
Intensity and duration will be progressive during the training period. The Borg Rating of
Perceived Exertion (RPE) will be used every 5 min during exercise to monitor the subjective
feeling of exertion.

2.5.3. Mobile Game Playing Condition

The cognitive training group will play a table tennis mobile game on the mobile phone
without body movement. The mobile game is called Table Tennis Touch, and is a free sport
action mobile multiplayer game featuring stunning graphics, intuitive swipe controls, high
speed gameplay and multiple game modes developed by the British Indie Studio Yakuto.
It offers a fantastic simulation of real table tennis playing settings. Players can serve, spin,
and smash their way to winning. The older adults will be trained the first time, and will
subsequently play under the supervision of the trainers.

2.5.4. Active Control Condition

To control for the Hawthorne effect, which means participants may change their
behavior just by being aware that they are being watched, the control group will also do
some stretching and toning of the same duration and frequency as the intervention group.
Social engagement will be similar among all groups.

2.6. Outcome Measures

Demographic variables will be collected during the evaluation, and include age,
gender, weight, height, mental status, visual acuity, resting heart rate and blood pressure.
The outcomes include objective and subjective measurements of cognitive and physical
activities. All outcomes will be measured prior and immediately after the intervention,
and at 3 months after the intervention. After 12 weeks, there will be an intermediate
measurement, consisting of the primary outcome measures.

2.6.1. Primary Outcome

The primary outcome measure of this study is objective visuospatial working memory.
It is measured by the visuospatial working memory task (VWMT) developed by Guo et al.,
(2016), which includes both the passive storage and active manipulation of visuospatial
information [32]. Participants will be asked to hold a 4 × 4 matrix with four solid black
squares as a probe stimulus in memory for 3 s, and mentally rotate the matrix 90◦ to the
right or the left at the same time. The task is used to decide whether the testing stimulus is
consistent with the mentally rotated probe stimulus 90◦ either to the left or right.

Passive storage and active manipulation will be measured separately to reveal the
mechanism driving differences on visuospatial working memory. The passive storage of
visuospatial information will be tested by visuospatial short-term memory task (VSMT).
The experimental paradigm of VSMT is similar to that of VWMT, except that subjects
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are instructed to retain the memory stimulus during the retention interval. Participants
must determine whether the testing stimulus is identical to the memory stimulus. Active
manipulation of visuospatial information will be tested by the visuospatial mental rotation
task (VMTT). A pair of matrices will be presented on the screen for 6 sec. Participants must
compare the two matrices to determine whether the one on the right side corresponds to a
90◦ rotation of the one on the left side.

2.6.2. Secondary Outcomes

The subjective memory complaint (SMC) occurs long before the decline of working
memory during aging [35]. It will also be measured in this study. SMC will be rated
using the Memory Complaint Questionnaire (MAC-Q). The six-item MAC-Q requires
participants to compare current memory function to memory function at earlier ages in
daily scenarios. For each question, there are five possible answers, ranging from “much
better now” (scored 5) to “much worse now” (scored 1). Serious SMC is defined as a
total score below 15 [36]. MAC-Q demonstrates good internal consistency together with
satisfactory test-retest reliability [37].

The attention network test (ANT) will be used to assess the alerting, orienting, and
executive networks of the attentional system independently in a single test [38]. The test is
a combination of the Flanker paradigm and a cueing task, with four cue types (no, central,
double, and spatial) and three flanker types (congruent, incongruent, and neutral). The
cue stimuli are asterisks, and are always valid to provide temporal information about the
coming target stimuli. The target stimuli are five horizontal arrows that serve as flankers.
Participants will be instructed to respond to the central arrow as fast and as accurately as
possible [39,40].

A matrix reasoning test (MRT) will be used to measures abstract nonverbal reasoning
ability. This test includes 35 items, in which the individual is required to look at an
incomplete matrix and select the missing portion from five response options. This test
is a subtest of the Wechsler Abbreviated Scale of Intelligence, and is relatively language
free [41]. The score is generated based on the number of items completed correctly.

The Taiwan version of the International Physical Activity Questionnaire (IPAQ) will
be used as a subjective measurement to estimate the total amount of physical activity in
the preceding week.

The Mi Band wristband will be used to measure objective physical activity. Partici-
pants will be asked to wear the wristband all day from one week before the intervention,
during the whole intervention, during the 3-month post-intervention. The wristband
inserts a 3-axis acceleration sensor ADXL362 that measures the number of walking steps
and distance travelled in everyday life. The wristband will also monitor the heart rate
during intervention.

2.7. Data Collection, Management and Statistical Analysis

The outcome measures will be carried out conducted in the community center by
trained research assistants who are not involved in the intervention. All outcome data
will be collected and stored electronically. A data management team will be established
to monitor the process of data collection, record and analysis once a week during the
project. The data of the participants who withdraw will be treated as having no change
from baseline after dropping out. Analysis of variance (ANOVA) or the χ2-test will be
used to assess differences across groups with respect to age, percentage of females, BMI,
scores on MMSE, visual acuity, resting heart rate, and blood pressure. If group differences
are observed at baseline, these variables will be included as covariates in further analysis.
Repeated-measures analysis of variance will be used for the primary and sedentary out-
come measures. Dependent variables include the accuracy and reaction times on VWMT,
VSMT and VMTT, the scores on alerting, orienting, and executive networks of ANT, Matrix
reasoning test, MAC-Q and IPAQ, and the number of steps and distance. Independent vari-
ables include group (open-skill exercise, closed-skill exercise, cognitive training and control
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group) as the between subject factor, and the test time points (pre-test, intermediate-test,
post-test, and 3-month follow-up test) as the within subject factor. To reveal the relationship
between subjective memory complaint and objective working memory ability, Pearson
correlation will be adopted to compute the correlation coefficient between the accuracy of
VWMT and the MAC-Q score at different test time points.

3. Discussion

Previous studies that evaluated how open/closed-skill exercises affected the cognitive
functions of older people mainly used a cross-sectional design [25,32]. There has been only
one longitudinal study using a 6-month randomized controlled trial [27]. The longitudinal
study showed that older adults who participated in open-skill exercises had better execu-
tive function compared to those that participated in closed-skill exercises. However, the
mechanism underlying the additional advantage of open-skill exercises remains subject to
debate. One major strength of the proposed study protocol is its design with four groups.
In addition to the open-skill, closed-skill, and control group, there will be a cognitive
training group. The inclusion of a cognitive training group provides the opportunity to
separate the physical activity component and cognitive activity component by compar-
ing differences among the groups. This approach might reveal the possible mechanisms
driving the additional cognitive benefits of open-skill exercises. The closed-skill group
and cognitive training group will only have the physical activity and cognitive activity
component, respectively, while the open-skill exercise group will involve both physical
and cognitive components. The cognitive training group will use a table tennis mobile
game that differs previous computerized cognitive training [42,43], as it will utilize the
same cognitive component as the open-skill exercise group.

Several studies have explored various methods to combine cognitive and physical
training as a tentative approach to improve cognitive functions. On one hand, according
to the cardiovascular fitness hypothesis, participant in chronic exercises may lead to
changes in cardiovascular system, this change can increase cerebral blood flow and the
up-regulation of neurotransmitters [44]. On the other hand, cognitive training can guide
and integrate new neurons and synapses into existing neural networks [45]. Therefore, the
combination of the two interventions may induce superimposed cognitive benefits. The
combination of cognitive and physical training typically being completed separately or
simultaneously. It has been demonstrated that simultaneous combination has a larger effect
on cognitive function compared to their being conducted separately. The simultaneous
combination is usually conducted as dual-tasks, such as pedaling on a stationary bike
while learning the memory strategies and practicing the memory drills presented by a
trainer on the screen in front of them [46]. These combinations are not popular by the
elderly population due to the difficulty of implementation. Thus, open-skill exercises
that are played in a dynamically changing, unpredictable, and external environment, and
require a cognitive component, represent better choice. Similar to table tennis used in this
proposed study, Moreau et al., (2015) designed training that was loosely based on freestyle
wrestling. This approach favored new motor coordination via demonstrations and active
trial-and-error problem-solving with a partner. After 8 weeks training, the designed sport
group showed the largest gains in all cognitive measures. [47]. Open-skill exercises can
be viewed as high ecologically validated approaches that combine cognitive and physical
training simultaneously.

This proposed project differs to previous studies by measuring visuospatial working
memory as a primary outcome, rather than general cognitive function. This is key because
visuospatial working memory ability declines more severely after the age of 60. Addition-
ally, a previous cross-sectional study of older adults only revealed a possible relationship
between exercise mode and visuospatial working memory. In comparison, the proposed
longitudinal project will explore the reasons why open-skill exercises generate more bene-
fits on visuospatial working memory. The subjective memory complaint (SMC) will also
be measured alongside the objective measures of working memory. SMC is defined as the
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reporting of memory problems without pathological results on neuropsychological tests.
SMC is associated with later cognitive decline and a higher incidence of dementia [48].
A randomized controlled study reported that 12 weeks of exercise interventions induced
beneficial effects on memory complaints (tested by MAC-Q), but not on objective memory
performance (tested by the Prose Test and Rey test) [49]. In addition to SMC, the proposed
study will investigate the association between MAC and visuospatial working memory,
which have been subject to controversy in previous studies.

A limitation of the study is that outcome measures mainly include cognitive domains.
However, the general aim of exercise is to provide benefits on the overall aspects of well-
being, including both cognitive functions and physical performance. Apart from the
included measures of physical activities, other measures of cardiovascular fitness and
physical performance such as mobility, balance, strength and endurance will also be added
to evaluate the physical functions in future studies.

4. Conclusions

The overall goal of this study is to compare the effects of open-skill exercises on
cognition in older adults. If successful, the results of the proposed study provide important
evidence-based recommendations for older adults to select the most efficient and effective
exercise mode to improve cognitive function. In particular, this study will reveal the
mechanism driving the additional cognitive benefits of open-skill exercises compared to
closed-skill exercises.

Author Contributions: Conceptualization, W.G. and J.Y.; methodology, B.W. and W.G.; validation,
B.W., M.S. and J.Y.; resources, M.S.; writing—original draft preparation, B.W. and W.G.; writing—
review and editing, M.S. and J.Y.; supervision, J.Y.; project administration, J.Y.; funding acquisition,
W.G. All authors have read and agreed to the published version of the manuscript.

Funding: This project was funded by the Natural Science Foundation of Jiangsu Province, China,
grant number BK20180926. The funder had no role in study design, decision to publish, or preparation
of the manuscript, and will not be involved in the collection, analysis or interpretation of data.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Ethics Committee of Yangzhou University (YXYLL-2020-
106). The methods for consent were registered at Chinese Clinical Trail Registry (ChiCTR2000038733).

Informed Consent Statement: Informed consent will be obtained from all subjects involved in
the study.

Data Availability Statement: The data are not publicly available, as they have not yet been collected.
The data will be uploaded at the Chinese Clinical Trail Registry site when finishing the study.

Acknowledgments: We are grateful for cooperation with Yangzhou University and Wrocław Univer-
sity School of Physical Education joint laboratory on sport and brain science.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Jia, J.; Wang, F.; Wei, C.; Zhou, A.; Jia, X.; Li, F.; Tang, M.; Chu, L.; Zhou, Y.; Zhou, C. The prevalence of dementia in urban and

rural areas of China. Alzheimer’s Dement. 2014, 10, 1–9. [CrossRef]
2. Bobkova, N.V.; Poltavtseva, R.A.; Leonov, S.V.; Sukhikh, G.T. Neuroregeneration: Regulation in Neurodegenerative Diseases and

Aging. Biochemistry 2020, 85 (Suppl. 1), S108–S130. [CrossRef]
3. Wilson, R.S.; Boyle, P.A.; Segawa, E.; Yu, L.; Begeny, C.T.; Anagnos, S.E.; Bennett, D.A. The influence of cognitive decline on

well-being in old age. Psychol. Aging 2013, 28, 304–313. [CrossRef] [PubMed]
4. Salthouse, T.A. Selective review of cognitive aging. J. Int. Neuropsychol. Soc. 2010, 16, 754–760. [CrossRef]
5. Erickson, K.I.; Voss, M.W.; Prakash, R.S.; Basak, C.; Szabo, A.N.; Chaddock, L.; Kim, J.S.; Heo, S.; Alves, H.; White, S.M. Exercise

training increases size of hippocampus and improves memory. Proc. Natl. Acad. Sci. USA 2011, 108, 3017–3022. [CrossRef]
6. Fernandes, R.M.; Correa, M.G.; Dos, S.M.A.R.; Almeida, A.P.C.P.S.; Fagundes, N.C.F.; Maia, L.C.; Lima, R.R. The Effects of

Moderate Physical Exercise on Adult Cognition: A Systematic Review. Front. Physiol. 2018, 9, 667. [CrossRef]
7. Leyland, L.A.; Spencer, B.; Beale, N.; Jones, T.; van Reekum, C.M.; Piacentini, M.F. The effect of cycling on cognitive function and

well-being in older adults. PLoS ONE 2019, 14, e0211779. [CrossRef]

http://doi.org/10.1016/j.jalz.2013.01.012
http://doi.org/10.1134/S0006297920140060
http://doi.org/10.1037/a0031196
http://www.ncbi.nlm.nih.gov/pubmed/23421323
http://doi.org/10.1017/S1355617710000706
http://doi.org/10.1073/pnas.1015950108
http://doi.org/10.3389/fphys.2018.00667
http://doi.org/10.1371/journal.pone.0211779


Brain Sci. 2021, 11, 609 10 of 11

8. Diamond, A.; Ling, D.S. Conclusions about Interventions, Programs, and Approaches for Improving Executive Functions that
appear Justified and those that, despite much hype, do not. Dev. Cogn. Neurosci. 2015, 18, 34–48. [CrossRef] [PubMed]

9. Diamond, A.; Ling, D.S. Aerobic-Exercise and resistance-training interventions have been among the least effective ways to
improve executive functions of any method tried thus far. Dev. Cogn. Neurosci. 2019, 37, 100572. [CrossRef] [PubMed]

10. Diamond, A. Effects of Physical Exercise on Executive Functions: Going beyond Simply Moving to Moving with Thought. Ann.
Sports Med. Res. 2015, 2, 1011.

11. Bae, S.; Lee, S.; Lee, S.; Jung, S.; Makino, K.; Harada, K.; Harada, K.; Shinkai, Y.; Chiba, I.; Shimada, H. The effect of a multicom-
ponent intervention to promote community activity on cognitive function in older adults with mild cognitive impairment: A
randomized controlled trial. Complement. Med. 2019, 42, 164–169. [CrossRef]

12. Shah, T.; Verdile, G.; Sohrabi, H.; Campbell, A.; Putland, E.; Cheetham, C.; Dhaliwal, S.; Weinborn, M.; Maruff, P.; Darby, D.
A combination of physical activity and computerized brain training improves verbal memory and increases cerebral glucose
metabolism in the elderly. Transl. Psychiatry 2014, 4, e487. [CrossRef]

13. Alesi, M.; Giordano, G.; Giaccone, M.; Basile, M.; Bianco, A. Effects of the Enriched Sports Activities-Program on Executive
Functions in Italian Children. J. Funct. Morphol. Kinesiol. 2020, 5, 26.

14. Linde, K.; Alfermann, D. Single versus combined cognitive and physical activity effects on fluid cognitive abilities of healthy
older adults: A 4-month randomized controlled trial with follow-up. J. Aging Phys. Act. 2014, 22, 302–313. [CrossRef]

15. Rahe, J.; Petrelli, A.; Kaesberg, S.; Fink, G.R.; Kessler, J.; Kalbe, E. Effects of cognitive training with additional physical activity
compared to pure cognitive training in healthy older adults. Clin. Interv. Aging 2015, 10, 297–310. [CrossRef]

16. Li, R.; Zhu, X.; Yin, S.; Niu, Y.; Zheng, Z.; Huang, X.; Wang, B.; Li, J. Multimodal intervention in older adults improves resting-
state functional connectivity between the medial prefrontal cortex and medial temporal lobe. Front. Aging Neurosci. 2014, 6, 39.
[CrossRef] [PubMed]

17. Theill, N.; Schumacher, V.; Adelsberger, R.; Martin, M.; Jancke, L. Effects of simultaneously performed cognitive and physical
training in older adults. BMC Neurosci. 2013, 14, 103. [CrossRef]

18. León, J.; Ureña, A.; Bolaños, M.J.; Bilbao, A.; Oña, A. A combination of physical and cognitive exercise improves reaction time in
persons 61-84 years old. J. Aging. Phys. Act. 2015, 23, 72–77. [CrossRef]

19. Nishiguchi, S.; Yamada, M.; Tanigawa, T.; Sekiyama, K.; Kawagoe, T.; Suzuki, M.; Yoshikawa, S.; Abe, N.; Otsuka, Y.; Nakai, R.
A 12-Week Physical and Cognitive Exercise Program Can Improve Cognitive Function and Neural Efficiency in Community-
Dwelling Older Adults: A Randomized Controlled Trial. J. Am. Geriatr. Soc. 2015, 63, 1355–1363. [CrossRef]

20. Ji, Z.G.; Feng, T.; Wang, H.B. The Effects of 12-Week Physical Exercise Tapping High-level Cognitive Functions. Adv. Cogn.
Psychol. 2020, 16, 59–66. [CrossRef]

21. Karssemeijer, E.G.A.; Aaronson, J.A.; Bossers, W.J.R.; Donders, R.; Olde Rikkert, M.G.M.; Kessels, R.P.C. The quest for synergy
between physical exercise and cognitive stimulation via exergaming in people with dementia: A randomized controlled trial.
Alzheimer’s Res. 2019, 11, 3. [CrossRef]

22. Zhu, X.; Yin, S.; Lang, M.; He, R.; Li, J. The more the better? A meta-analysis on effects of combined cognitive and physical
intervention on cognition in healthy older adults. Ageing Res. Rev. 2016, 31, 67–79. [CrossRef]

23. Guo, W.; Zang, M.; Klich, S.; Kawczynski, A.; Smoter, M.; Wang, B. Effect of Combined Physical and Cognitive Interventions on
Executive Functions in OLDER Adults: A Meta-Analysis of Outcomes. Int. J. Environ. Res. Public Health 2020, 17, 6166. [CrossRef]
[PubMed]

24. McMorris, T. Acquisition and Performance of Sports Skills; John Wiley & Sons: Hoboken, NJ, USA, 2014; pp. 223–224.
25. Dai, C.T.; Chang, Y.K.; Huang, C.J.; Hung, T.M. Exercise mode and executive function in older adults: An ERP study of

task-switching. Brain Cogn. 2013, 83, 153–162. [CrossRef]
26. Huang, C.J.; Lin, P.C.; Hung, C.L.; Chang, Y.; Hung, T. Type of physical exercise and inhibitory function in older adults: An

event-related potential study. Psychol. Sport Exerc. 2014, 15, 205–211. [CrossRef]
27. Tsai, C.L.; Pan, C.Y.; Chen, F.C.; Tseng, Y.T. Open- and Closed-Skill Exercise Interventions Produce Different Neurocognitive

Effects on Executive Functions in the Elderly: A 6-Month Randomized, Controlled Trial. Front. Aging Neurosci. 2017, 9, 294.
[CrossRef]

28. Gu, Q.; Zou, L.; Loprinzi, P.D.; Quan, M.; Huang, T. Effects of Open Versus Closed Skill Exercise on Cognitive Function: A
Systematic Review. Front. Psychol. 2019, 10, 1707. [CrossRef]

29. Zhu, H.; Chen, A.; Guo, W.; Zhu, F.; Wang, B. Which Type of Exercise Is More Beneficial for Cognitive Function? A Meta-Analysis
of the Effects of Open-Skill Exercise versus Closed-Skill Exercise among Children, Adults, and Elderly Populations. Appl. Sci.
2020, 10, 2737. [CrossRef]

30. Becker, D.R.; Mcclelland, M.M.; John, G.G.; Gunter, K.B.; Megan, M. Open-Skilled Sport, Sport Intensity, Executive Function, and
Academic Achievement in Grade School Children. Early Educ. Dev. 2018, 29, 939–955. [CrossRef]

31. Formenti, D.; Trecroci, A.; Duca, M.; Cavaggioni, L.; D’Angelo, F.; Passi, A.; Longo, S.; Alberti, G. Differences in inhibitory control
and motor fitness in children practicing open and closed skill sports. Sci. Rep. 2021, 11, 4033. [CrossRef]

32. Guo, W.; Wang, B.; Lu, Y.; Zhu, Q.; Shi, Z.; Ren, J. The relationship between different exercise modes and visuospatial working
memory in older adults: A cross-sectional study. PeerJ 2016, 4, e2254. [CrossRef]

33. O’Neill, D. The Mini-Mental Status Examination. J. Am. Geriatr. Soc. 1991, 39, 733. [CrossRef]

http://doi.org/10.1016/j.dcn.2015.11.005
http://www.ncbi.nlm.nih.gov/pubmed/26749076
http://doi.org/10.1016/j.dcn.2018.05.001
http://www.ncbi.nlm.nih.gov/pubmed/29909061
http://doi.org/10.1016/j.ctim.2018.11.011
http://doi.org/10.1038/tp.2014.122
http://doi.org/10.1123/JAPA.2012-0149
http://doi.org/10.2147/CIA.S74071
http://doi.org/10.3389/fnagi.2014.00039
http://www.ncbi.nlm.nih.gov/pubmed/24653698
http://doi.org/10.1186/1471-2202-14-103
http://doi.org/10.1123/JAPA.2012-0313
http://doi.org/10.1111/jgs.13481
http://doi.org/10.5709/acp-0284-5
http://doi.org/10.1186/s13195-018-0454-z
http://doi.org/10.1016/j.arr.2016.07.003
http://doi.org/10.3390/ijerph17176166
http://www.ncbi.nlm.nih.gov/pubmed/32854323
http://doi.org/10.1016/j.bandc.2013.07.007
http://doi.org/10.1016/j.psychsport.2013.11.005
http://doi.org/10.3389/fnagi.2017.00294
http://doi.org/10.3389/fpsyg.2019.01707
http://doi.org/10.3390/app10082737
http://doi.org/10.1080/10409289.2018.1479079
http://doi.org/10.1038/s41598-021-82698-z
http://doi.org/10.7717/peerj.2254
http://doi.org/10.1111/j.1532-5415.1991.tb03636.x


Brain Sci. 2021, 11, 609 11 of 11

34. Liou, Y.M.; Jwo, C.J.; Yao, K.G.; Chiang, L.C.; Huang, L.H. Selection of appropriate Chinese terms to represent intensity and types
of physical activity terms for use in the Taiwan version of IPAQ. J. Nurs. Res. 2008, 16, 252–263. [CrossRef]

35. Jorm, A.F.; Christensen, H.; Korten, A.E.; Jacomb, P.A.; Henderson, A.S. Memory complaints as a precursor of memory impairment
in older people: A longitudinal analysis over 7–8 years. Psychol. Med. 2001, 31, 441–449. [CrossRef]

36. Babberich, E.D.T.; Gourdeau, C.; Pointel, S.; Lemarchant, B.; Beauchet, O.; Annweiler, C. Biology of Subjective Cognitive
Complaint Amongst Geriatric Patients: Vitamin D Involvement. Curr. Alzheimer Res. 2015, 12, 173–178. [CrossRef]

37. Crook, T.H., 3rd; Feher, E.P.; Larrabee, G.J. Assessment of memory complaint in age-associated memory impairment: The MAC-Q.
Int. Psychogeriatr. 1992, 4, 165–176. [CrossRef]

38. Fan, J.; McCandliss, B.D.; Sommer, T.; Raz, A.; Posner, M.I. Testing the efficiency and independence of attentional networks. J.
Cogn. Neurosci. 2002, 14, 340–347. [CrossRef]

39. Wang, B.; Guo, W.; Zhou, C. Selective enhancement of attentional networks in college table tennis athletes: A preliminary
investigation. PeerJ 2016, 4, e2762. [CrossRef]

40. Wang, B.; Guo, W. Exercise mode and attentional networks in older adults: A cross-sectional study. PeerJ 2020, 8, e8364. [CrossRef]
41. Irby, S.M.; Floyd, R.G. Test review: Wechsler abbreviated scale of intelligence, second edition. Can. J. Sch. Psychol. 2013, 28,

295–299. [CrossRef]
42. Lampit, A.; Hallock, H.; Valenzuela, M. Computerized cognitive training in cognitively healthy older adults: A systematic review

and meta-analysis of effect modifiers. PLoS Med. 2014, 11, e1001756. [CrossRef]
43. Harvey, P.D.; McGurk, S.R.; Mahncke, H.; Wykes, T. Controversies in Computerized Cognitive Training. Biol. Psychiatry 2018, 3,

907–915. [CrossRef] [PubMed]
44. Voss, M.W.; Nagamatsu, L.S.; Liu-Ambrose, T.; Kramer, A.F. Exercise, brain, and cognition across the life span. J. Appl. Physiol.

2011, 111, 1505–1513. [CrossRef]
45. Fissler, P.; Kuster, O.; Schlee, W.; Kolassa, I.T. Novelty interventions to enhance broad cognitive abilities and prevent dementia:

Synergistic approaches for the facilitation of positive plastic change. Prog. Brain Res. 2013, 207, 403–434.
46. McEwen, S.C.; Siddarth, P.; Rahi, B.; Kim, Y.; Mui, W.; Wu, P.; Emerson, N.D.; Lee, J.; Greenberg, S.; Shelton, T.; et al. Simultaneous

Aerobic Exercise and Memory Training Program in Older Adults with Subjective Memory Impairments. J. Alzheimer’s Dis. 2018,
62, 795–806. [CrossRef] [PubMed]

47. Moreau, D.; Morrison, A.B.; Conway, A.R. An ecological approach to cognitive enhancement: Complex motor training. Acta
Psychol. 2015, 157, 44–55. [CrossRef]

48. Waldorff, F.B.; Siersma, V.; Vogel, A.; Waldemar, G. Subjective memory complaints in general practice predicts future dementia: A
4-year follow-up study. Int. J. Geriatr. Psychiatry 2012, 27, 1180–1188. [CrossRef] [PubMed]

49. Iuliano, E.; Fiorilli, G.; Aquino, G.; Di Costanzo, A.; Calcagno, G.; Di Cagno, A. Twelve-Week Exercise Influences Memory
Complaint but Not Memory Performance in Older Adults: A Randomized Controlled Study. J. Aging Phys. Act. 2017, 25, 612–620.
[CrossRef]

http://doi.org/10.1097/01.JNR.0000387313.20386.0a
http://doi.org/10.1017/S0033291701003245
http://doi.org/10.2174/1567205012666150204123504
http://doi.org/10.1017/S1041610292000991
http://doi.org/10.1162/089892902317361886
http://doi.org/10.7717/peerj.2762
http://doi.org/10.7717/peerj.8364
http://doi.org/10.1177/0829573513493982
http://doi.org/10.1371/journal.pmed.1001756
http://doi.org/10.1016/j.bpsc.2018.06.008
http://www.ncbi.nlm.nih.gov/pubmed/30197048
http://doi.org/10.1152/japplphysiol.00210.2011
http://doi.org/10.3233/JAD-170846
http://www.ncbi.nlm.nih.gov/pubmed/29480182
http://doi.org/10.1016/j.actpsy.2015.02.007
http://doi.org/10.1002/gps.3765
http://www.ncbi.nlm.nih.gov/pubmed/22253004
http://doi.org/10.1123/japa.2016-0249

	Introduction 
	Materials and Methods 
	Study Design 
	Participant Recruitment and Selection 
	Sample Size 
	Randomization 
	Interventions and Control Condition 
	Open-Skill Exercise Condition 
	Closed-Skill Exercise Condition 
	Mobile Game Playing Condition 
	Active Control Condition 

	Outcome Measures 
	Primary Outcome 
	Secondary Outcomes 

	Data Collection, Management and Statistical Analysis 

	Discussion 
	Conclusions 
	References

