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Background: Exercise modes can be divided into open skill exercise (OSE) and
closed skill exercise (CSE). While research has shown that these two exercise
modes may have different effects on cognitive function, this possibility has not been
systematically reviewed.

Objective: The purpose of the present review was to objectively evaluate the research
literature regarding the effects of OSE versus CSE on cognitive function.

Methods: Six electronic databases (Web of Science, EMBASE, Google Scholar,
PubMed, PsycINFO, and SPORTDiscus) were searched from inception dates to
December 2018 for studies examining the associations of OSE and CSE with cognitive
function. The literature searches were conducted using the combinations of two groups
of relevant search items related to exercise modes (i.e., OSE and CSE) and cognitive
function. Articles were limited to human studies in all age groups. Both intervention
and observational studies with full text published in English-language peer-reviewed
journals were considered eligible. The search process, study selection, data extraction,
and study quality assessment were carried out independently by two researchers.

Results: A total of 1,573 articles were identified. Fourteen observational and five
intervention studies met the inclusion criteria. Twelve of the 14 observational studies
found that OSE benefits cognitive function, and seven of these 14 observational studies
supported superior effects of OSE compared with CSE for enhancing cognitive function.
Three of the five intervention studies found that OSE (versus CSE) led to greater
improvements in cognitive function in both children and older adults.

Conclusion: Although the majority of studies in this review were observational cross-
sectional designs, the review tends to support that OSE is more effective for improving
some aspects of cognitive function compared with CSE. More rigorous randomized
control trials with long-term follow-ups are needed in order to confirm these differential
cognitive effects of the two exercise modes.
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INTRODUCTION

The beneficial effects of physical activity and exercise on physical
health have been well-documented among all age groups (Booth
et al., 2012; Hills et al, 2015), and an increasing number of
researchers have recently paid great attention to investigating
further associations between exercise and cognitive function
(Lin et al., 2018; Pedersen, 2019; Stern et al., 2019). Cognitive
functions refer to mental processes of obtaining knowledge
and understanding through thought, experience, and the senses,
including perception, attention, visual and spatial processing,
language, memory, executive functions, etc. (Lezak et al., 2012).
Executive function, also termed cognitive control, refers to
higher-order, self-regulatory cognitive processes that aid in
the monitoring and control of thought and action (Carlson,
2005). It encompasses working memory, inhibitory control,
cognitive flexibility, reasoning, planning and problem solving,
etc. (Diamond, 2013). Executive function plays a crucial role
in daily life and it has attracted much attention in current
research. Although existing evidence has shown that physical
fitness and exercise have important relationships with various
aspects of cognitive functions (Kramer and Erickson, 2007; Aberg
et al., 2009; Chaddock et al,, 2011), studies tend to suggest that
the beneficial effects of exercise are larger and more evident
for executive function (Kramer and Erickson, 2007; Chaddock
et al., 2011). For example, a higher level of physical fitness has
been associated with better executive function and academic
performance in children and adolescents (Huang et al., 2015;
Marques et al., 2018; Westfall et al., 2018). Physical exercise
intervention programs can enhance children’s executive function
performances as measured by inhibition and cognitive flexibility
tasks (Hillman et al., 2014). Additionally, people who exercised
regularly have demonstrated slower cognitive declines and a
lower risk of developing dementia (Middleton et al, 2010;
Zotcheva et al, 2018). Well-designed randomized controlled
trials have also provided compelling evidence that physical
exercise interventions can improve executive function and spatial
memory in older adults (Kramer et al, 1999; Erickson et al.,
2011). Furthermore, current evidence suggests that different
types of physical exercise may exert differential influences on
cognitive function and mental health (Tsai et al., 2012; Tsai and
Wang, 2015; Chekroud et al., 2018). Yet, there remains some
controversy regarding what types of physical exercises may be
more effective for improving cognitive function.

Recently, studies have suggested that the extent of
improvements in cognitive function through physical exercise
may be related to the motor movement characteristics of the
activities involved (Guo et al., 2016; Chang et al., 2017; Cho et al.,
2017). According to the effects of environment on motor skills,
motor skills can be divided into open and closed skills (Knapp,
1967). Open skills are performed in a dynamic and changing
environment, while closed skills take place in a predictable
and static environment (Galligan, 2000). Accordingly, exercise
modes can be classified into open skill exercise (OSE) and
closed skill exercise (CSE) (Di Russo et al., 2010; Dai et al., 2013;
Tsai and Wang, 2015; Tsai et al., 2016, 2017). OSEs (e.g.,
table tennis, tennis, squash, basketball, or boxing) involve

unpredictable environments, active decision making, and
ongoing adaptability in which participants must alter responses
to randomly occurring external stimuli (Brady, 1995; Di Russo
et al, 2010; Wang et al, 2013a). OSEs are predominantly
perceptual and externally paced. In contrast, CSEs (e.g., running,
swimming, cycling, golf, or archery) are performed in a relatively
stable and predictable environment in which motor movements
follow set patterns. CSE skills tend to be self-paced, as there are
fewer cognitive demands and decision-making requirements
(Brady, 1995; Di Russo et al., 2010; Wang et al., 2013a). In
the context of this conceptual framework, researchers have
investigated the associations of OSE and CSE with cognitive
function among participants in different age groups. Some
studies have shown that OSE participants performed better in
some aspects of executive function (e.g., inhibitory control and
cognitive flexibility) than CSE participants (Giglia et al., 2011;
Dai et al., 2013; Wang et al., 2013a). In contrast, some studies
reported that the cognitive effects of OSE and CSE did not differ
(Chang et al., 2017; Chueh et al., 2017; Becker et al., 2018).

Despite the rapid expansion of interest in this topic, there has
been no systematic review of existing literature that has critically
evaluated the differential effects of OSE versus CSE on cognitive
function across the lifespan. Given a lack of clarity regarding
suspected differences in the benefits of these exercise modes
for benefiting cognitive function, we undertook the current
systematic review of intervention (including acute exercise and
chronic exercise) and observational research to date.

MATERIALS AND METHODS

This systematic review was conducted according to the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) (Moher et al., 2009). Notably, as demonstrated
hereafter, there was considerable heterogeneity across the studies,
regarding study design and participant characteristics. As such, a
meta-analysis was not conducted with this systematic review.

Literature Searches

We began with a computerized search of six electronic databases
(Web of Science, EMBASE, Google Scholar, PubMed, PsycINFO,
and SPORTDiscus) for all research in these databases up
to December 2018. Articles were limited to human studies
in all age groups. There was no restriction on publication
year. We used the combinations of the following two groups
of retrieval terms: (a) OSE and CSE, feedback exercise and
non-feedback exercise, open loop exercise and closed loop
exercise, and planned exercise and incidental exercise, and
(b) cognition, cognitive function, executive function, working
memory, memory, inhibitory control, and cognitive flexibility.
Each (a) item was combined with all (b) items during the search
process. In order to exclude duplicate or apparently irrelevant
studies, the authors next screened all retrieved titles. From this
shorter list, two authors (QG and TH) independently reviewed
the abstracts of each remaining study. Having further reduced
number of the articles in this manner, the two authors (QG and
TH) then independently screened the full text of the remaining
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studies, using predetermined inclusion and exclusion criteria (see
below for details). Disagreements were discussed in all cases until
a consensus was reached among the authors. The review authors
then searched the bibliographies of all included articles in the
same fashion as outlined above to further ensure that relevant
articles had been captured.

Inclusion/Exclusion Criteria for Study

Selection

The identified studies were initially screened by two authors (QG
and TH) to determine whether they met our inclusion criteria
as follows: (a) intervention [assigned into either an experimental
arm (OSE or CSE) or control arm] and observational studies with
full text published in English-language peer-reviewed journals;
(b) both OSE (a type of exercise is performed in an unpredictable
environment, where the exerciser is not the one who decides
when the skill and movement need to be executed such as
some team-based sports and racket sports) and CSE (a type of
exercise is performed in a relatively stable environment, where
the exerciser is able to dictate when he or she starts to perform
the motor skill) have to be clearly defined and simultaneously
examined in the study; (c) study outcomes must include at least
one measurement of any aspects of cognitive function (e.g.,
perception, attention, visual and spatial processing, language,
memory, and executive functions). It is worth emphasizing
that the participants’ ages, gender, race/ethnicity, etc., were
not restricted in this systematic review in order to gain a
comprehensive understanding of this new topic based on the
inclusion of all relevant articles. This review excluded studies
which applied other combined interventions such as OSE or CSE
plus a nutrition program. The studies were finally included when
a consensus was reached by two authors.

Data Collection

Information  regarding  publication  year,  participant
characteristics, location, intervention program, exercise
experience, educational level, outcomes (assessment instruments)
and study results were independently extracted by two authors
(QG and TH) for later analysis and presentation.

Methodological Quality

Methodological quality was assessed independently by two
authors (QG and TH). Any discrepancies in the ratings of
the methodological quality were settled by discussion, based
on the scoring criteria of the two assessment instruments,
among the authors until a consensus was reached. The two
authors independently assessed the methodological quality of the
intervention studies using the Physiotherapy Evidence Database
(PEDro) scale (Elkins et al., 2013). The PEDro scale consists of
11 items, namely eligibility criteria, randomization, allocation
concealment, baseline equivalence, blinding of the instructor,
blinding of participants, blinding of outcome assessors, retention
rate of > 85%, intention-to-treat analysis, between-group
comparison, and point measures and measures of variability.
A maximum of 11 points can be obtained (clear description = 1
and unclear description = 0) (Elkins et al, 2013). The

methodological quality of observational studies was assessed
using the evaluation tool developed by Fuzeki et al. (2017)
and Engeroff et al. (2018). It consists of five components
(12 items in total), namely the assessment of study purpose,
study design and methods, statistical methods, results, and
discussion. The 12 items of the assessment tool are listed in
Supplementary Table 1. A maximum of 12 points can be
obtained. According to Fuzeki et al. (2017), the quality of
studies can be divided into three categories (>10 points as
high quality; 6-9 points as moderate quality; and <6 points
as low quality).

RESULTS
Study Selection

A flowchart of our study selection process is shown in Figure 1.
The search strategy first identified 1567 potential articles from the
six electronic databases as well as six additional records that were
identified through checking the references in the most relevant
studies. After removing duplicates and irrelevant articles, 437
articles remained for screening via title and abstract. Of these,
35 were identified as potentially relevant. After independently
evaluating the full text of these 35 articles using the predefined
inclusion criteria by the two reviewer authors (QG and TH),
we excluded 16, leaving 19 studies eligible for this systematic
review. Fourteen studies were observational in design (Giglia
et al., 2011; Dai et al,, 2013; Wang et al., 2013a,b; Huang C.J.
et al., 2014; Jacobson and Matthaeus, 2014; Tsai and Wang,
2015; Guo et al.,, 2016; Tsai et al,, 2016; Chang et al., 2017;
Chueh et al,, 2017; Yu et al,, 2017; Becker et al., 2018; Li et al,,
2018) and five were intervention studies (Crova et al., 2014;
Schmidt et al., 2015; O’Brien et al., 2017; Tsai et al., 2017; Hung
et al., 2018). Based on the pretermined inclusion criteria, study
selection was independently performed by two raters and the
agreement score was 18 out of 19. To resolve this disagreement
on this study, a third author was invited to discuss and finally
reach a consensus.

Characteristics of Included Studies
As noted above, five of the 19 included studies were intervention
studies (including two acute intervention studies) (Crova et al.,
2014; Schmidt et al., 2015; O’Brien et al., 2017; Tsai et al,
2017; Hung et al., 2018). These five intervention studies included
two involving children (Crova et al, 2014; Schmidt et al,
2015), one involving young adults (aged 18-35 years) (Hung
et al., 2018) and two involving older adults (aged older than
55 years) (O'Brien et al., 2017; Tsai et al., 2017). Within the
two studies involving children (Crova et al, 2014; Schmidt
et al,, 2015), OSE intervention programs were administrated
through physical education classes. The other three studies
(O’Brien et al.,, 2017; Tsai et al., 2017; Hung et al., 2018) were
conducted in laboratory settings and the exercise interventions
were supervised.

Among the 14 observational studies (Giglia et al., 2011; Dai
etal., 2013; Wang et al., 2013a,b; Huang C.J. et al., 2014; Jacobson
and Matthaeus, 2014; Tsai and Wang, 2015; Guo et al., 2016;
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Records excluded due to obvious non-relevance
(n=699)

Records excluded by title and abstract

(n=402)

Full-text articles excluded (n = 16)
with reasons:
6 no clear definition or classification of open

FIGURE 1 | Flow diagram of each stage of the study selection.

g Records identified through Additional records identified
§ database searching through other sources
b=l (n=1567) (n=6)
N
=
Y
=
L)
v \ 4
Records after duplicates removed
(n=1136)
o0
£
g
) A\ 4
=
4
2 Records screened
(n=437)
—
( ) v
Z Full-text articles assessed
= for eligibility
= (n=35)
—_— »
)
8 no tests of cognitive function
Studies included in
=]
§ synthesis
3 (n = 19)
= Intervention studies = 5
Observational studies = 14
—

skill exercise and closed skill exercise

1 no full text available (conference abstract)

1 not published in peer-reviewed journal

Tsai et al., 2016; Chang et al., 2017; Chueh et al, 2017; Yu
et al., 2017; Becker et al., 2018; Li et al., 2018), one involved
children (Becker et al., 2018), seven involved young adults (Giglia
et al,, 2011; Wang et al., 2013a,b; Jacobson and Matthaeus, 2014;
Chang et al,, 2017; Chueh et al., 2017; Yu et al, 2017), and
six involved older adults (Dai et al., 2013; Huang C.J. et al,
2014; Tsai and Wang, 2015; Guo et al., 2016; Tsai et al., 2016;
Lietal., 2018).

As an indication of how recently this topic has drawn
investigator interest, 18 of these 19 articles were published
after 2013. Collectively, within these 19 studies, a total of
1,845 participants were included. Study participants sample
sizes ranged from 20 to 660, with an average sample size of
97 (SD = 140). The mean age of participants ranged from
9.6 to 70.5 years old. Across these 19 studies, a total of 21
cognitive tasks were used, measuring various aspects of cognitive
function including inhibitory control, working memory,
cognitive flexibility, planning, decision making, problem solving,

processing speed, perception, attention, and memory. These
characteristics of the intervention and observational studies are
summarized in Tables 1, 2, respectively.

Methodological Quality of Included
Studies

According to the PEDro scale, the average score of the
methodological quality of the five intervention studies (Crova
et al., 2014; Schmidt et al., 2015; O’Brien et al., 2017; Tsai et al.,
2017; Hung et al., 2018) was 6.6, with scores ranging from 5 to
8 (see Supplementary Table 2 for details). The rating scores are
also presented in Table 1.

Based on this 12-item assessment tool (Fuzeki et al., 2017;
Engeroff et al., 2018), the average score of the methodological
quality of the 14 observational studies was 8.1, with scores
ranging from 7 to 10 (see Supplementary Table 3 for details).
Thirteen (Giglia et al., 2011; Dai et al., 2013; Wang et al., 2013a,b;
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TABLE 1 | Characteristics of the included intervention studies.

Study (Authors, OSE CSE Control group Intervention Cognitive Cognitive Results
Publication years, duration/ tasks functions
Methodological (1) Gender (1) Gender (1) Gender Session length
quality, Location) (2) Age (years) (2) Age (years) (2) Age (years)
(3) Exercise (3) Exercise (3) Exercise
(4) Education (years) (4) Education (years) (4) Education (years)
Children and adolescents (6-17 years old)
Crova et al., 2014 (1) 20M/37 (1) 15M/33 None 6 months RNG task Inhibitory control; OSE led to greater
7/11 (2)9.6 £ 0.5 (2)9.6 £ 0.5 Working memory improvements in
[taly (3) Enhanced PE (including (8) Curricular PE inhibitory control
curricular PE classes and compared with the
additional skill-based and CSE.
tennis-specific training)
Schmidt et al., 2015 (1) 26M/69 (1) 28M/57 (1) 28M/55 6 weeks N-back task; Inhibitory control; OSE resulted in
7/11 (2)11.3+0.6 (2)11.3+0.6 (2)11.4+0.6 Flanker task Cognitive improvement on
Switzerland (3) Team games () Aerobic exercise (3) PE program with low flexibility; cognitive flexibility.
physical exertion and Working memory CSE did not change
cognitive engagement cognitive function.
Young adults (18-35 years old)
Hung et al., 2018 (1) 20M/20 (1) 20M/20 None 40 min: Task-switching Cognitive One-bout OSE
6/11 (2)23.2+25 (2)23.2+25 5 min (warm up) paradigm flexibility resulted in significantly
China (Taiwan) (8) Badminton (3) Running 30 min (exercise) higher serum BDNF
5 min (cool down) and near significant
smaller global switch
costs compared with
CSE.
Older adults (> 56 years old)
O’Brien et al., 2017 (1) 1IM/18 (1) 12M/19 (1) 8M/21 OSE group: SiFl task; Memory The immediate
5/11 (2)69.2 £ 5.1 (2)69.2 + 4.8 (2)70.5+6.9 80 + 20 min; Forward Digit (immediate memory was improved
Ireland (8) Tennis, aerobics classes (8) Swimming or () Active retired group CSE group: Span task memory); in both exercise
or dance classes gym circuits, etc. meeting or card games 70 £ 20 min; Multisensory groups. Only OSE led
Control group: perception to improvement in
60 min sensitivity in
audio-visual
perception.
Tsaietal., 2017 (1) 22Mm/22 (1) 21Mm/21 (1) 21Mm/21 6 months Task-switching Cognitive OSE and CSE
8/11 (2)66.9 + 4.7 (2)66.2 + 4.9 (2)65.7 £ 3.5 paradigm; flexibility; differently influenced
China (Taiwan) (3) Table tennis (3) Bike riding (3) A balance and N-back task Working memory executive function.
(4)12.5+ 41 or brisk walking/jogging stretching program OSE led to
(4)12.6 £ 3.0 (4)10.6 £ 3.2 improvement on

cognitive flexibility.
CSE led to greater
improvement on
working memory
compared with the
OSE.

BDNF, brain-derived neurotrophic factor; CSE, closed skill exercise; M, male; OSE, open skill exercise; PE, physical education; RNG, random number generation; SiFl, sound induced flash illusion.
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TABLE 2 | Characteristics of the included observational studies.

Study (Authors, N OSE CSE Control group Exercise Cognitive Cognitive Results
Publication years, experience tasks functions
Methodological (1) Gender (1) Gender (1) Gender
quality, Location) (2) Age (years) (2) Age (years) (2) Age (years)
(3) Exercise (3) Exercise (3) Exercise
(4) Education (years) (4) Education (years) (4) Education (years)
Children and adolescents (6-17 years old)
Becker et al., 2018 660 (1) NA (1) NA None NA Tower of Hanoi Inhibitory control;  There were no significant
10/12 (2) Third grade (2) Third grade task Cognitive association of exercise
The United States (3) Baseball/softball; Martial ~ (3) Swimming; flexibility; modes (OSE and CSE)
arts; Hockey; Tennis; Cheerleading; Track and Working memory with executive function.
Football; Soccer; field; Golf; Skateboarding;
Basketball; Volleyball Dance; Skating
Young adults (18-35 years old)
Chang et al., 2017 60 (1) 15M/20 (1) 14M/20 (1) 13M/20 Martial arts: Stroop task; Inhibitory control;  There were no differences
8/12 2212+1.2 (2)21.2+1.8 (2)21.6+1.4 8.6 + 2.3 years; WCST, Working memory;  in cognitive performance
China (Taiwan) (3) Martial arts training (8) Marathon running (3) Infrequent Marathon running: Tower of Cognitive among the OSE, CSE
(4)14.7 £0.9 (4)15.0+ 0.0 exercise/recreational 7.8 + 2.4 years; London task flexibility; and control group.
activity Control group: Planning
(4)14.8 +0.7 0.9 & 1.7 years
Chueh et al., 2017 48 (1) 9OM/16 (1) 9OM/16 (1) OM/16 OSE group: Non-delayed Visuospatial The visuospatial attention
8/12 (2)20.0+1.2 (2)21.1+23 (2)20.7 1.1 10.8 £+ 2.2 years; and delayed attention; and memory
China (Taiwan) (8) Badminton or table (8) Swimming, triathlon, or (8) Sedentary control CSE group: match-to- Visuospatial performance of the OSE
tennis distance running 9.7 £ 8.2 years sample memory and CSE groups were
test better than control group.
There were no differences
in cognitive function
between OSE and CSE.
Giglia et al., 2011 56 (1) 23M/23 (1) 10M/10 (1) 10M/23 NVP: Line-length Visuospatial Visuospatial attention
8/12 (2) NVP: 26.0 + 4.3; (2) NR: 19.2 £ 4.0 (2)24.8+25 3.4 £+ 1.0 hours/day; judgment task attention was better in OSE group
Italy RVP: 25.6 + 3.4 (3) Rowing (3) Sedentary control RVP: compared with the CSE
(3) Volleyball 1.1 £ 0.3 hours/day; and control group.
NR:
3.1 £ 0.5 hours/day
Jacobson and 54 (1) 14m/22 (1) 3M/17 (1) 6BM/15 Exercise group: D-KEFS Tower Problem solving; The problem solving and
Matthaeus, 2014 (2201 £1.2 (2)20.2+1.5 (2)20.2+1.3 > 1 times/week test; Decision making; inhibitory control
712 (3) Externally paced (3) Self-paced exercise (8) Sedentary control D-KEFS Inhibitory control; performance of the OSE
The United States exercise Color-Word Processing speed  and CSE groups were
Interference better than control group.
Test; Coding The OSE group showed
test better problem solving

compared with CSE
group. The CSE group
showed better inhibitory
control compared with
OSE group.

(Continued)
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TABLE 2 | Continued

Study (Authors, N OSE CSE Control group Exercise Cognitive Cognitive Results
Publication years, experience tasks functions
Methodological (1) Gender (1) Gender (1) Gender
quality, Location) (2) Age (years) (2) Age (years) (2) Age (years)
(3) Exercise (3) Exercise (3) Exercise
(4) Education (years) (4) Education (years) (4) Education (years)
Wang et al., 2013a 60 (1) 20M/20 (1) 20M/20 (1) 20M/20 Tennis: Stop-signal Inhibitory control The OSE group showed
9/12 (2)20.7 £ 2.4 (2)19.3+0.8 (2)20.4 + 2.1 5.5 + 2.8 years; task better inhibitory control than
China (Taiwan) (8) Tennis (8) Swimming (8) Sedentary control Swimming: the CSE and control group.
4.9 + 1.7 years
Wang et al., 2013b 42 (1) 14M/14 (1) 14M/14 (1) 14M/14 Tennis: 3-11 years; Go/No-Go Decision making The OSE group showed
712 (2)20.6 £ 2.8 (2)19.4 £ 0.7 (221.2+26 Swimming: Variable FP in inhibition better temporal preparation
China (Taiwan) (8) Tennis (8) Swimming (8) Sedentary control 2.5-9 years Paradigm compared with control group.
There were no differences
between the OSE and CSE
group.
Yuetal., 2017 54 (1) 10OM/18 (1) 11m/18 (1) 9OM/18 Badminton: Task-switching Cognitive The OSE group had a lower
9/12 2211 +22 221.1+£20 (2)21.8+ 2.1 11.83 £ 2.7 years; paradigm; flexibility; switch cost of RT compared
China (Hong Kong) (3) Badminton (3) Track and field (3) Sedentary control Track and field: Simple reaction Processing speed with CSE and control group
(no formal exercise 7.9 + 1.6 years task when the task cue was 100%
training) valid, whereas the OSE and
CSE group had a lower
switch cost of RT compared
to the control group when the
task cue was 50% valid.
There were no differences in
processing speed among the
three groups.
Older adults (> 56 years old)
Dai et al., 2013 48 (1) 9OM/16 (1) 6M/16 (1) 2M/16 Table tennis/tennis: Task-switching Cognitive The OSE and CSE group
8/12 (2)69.0 + 3.6 (2)69.9 +£ 3.6 (2)67.3+3.0 13.0 £ 5.7 years; paradigm flexibility showed better cognitive
China (Taiwan) (3) Table tennis or (8) Jogging or (3) Irregular exercise Jogging/swimming: flexibility compared with
tennis swimming (4)13.0+£ 3.3 11.1 £ 4.5 years; control group. The OSE
(4)10.7 £ 2.8 (4)10.8 £ 4.2 Irregular exercise: group showed better
0.7 £+ 0.6 years cognitive flexibility compared
with the CSE and control
group.
Guo et al., 2016 111 (1) 17M/36 (1) 15M/38 (1) 16M/37 Exercise VWMT, Visuospatial The two exercise groups
8/12 (2)67.6 +5.9 (2)66.7 £ 5.8 (2)66.9 + 5.9 group: > 30 min/ VSMT; working memory showed better performances
China (3) Table tennis (3) Jogging or (3) Sedentary control session, > 3 VMTT on visuospatial working
(4)12.6 2.7 swimming (4)11.0+2.6 times/week, > 1 memory than the control
4 11.4+£29 year. group. The OSE group

Sedentary controls:

inactivity or low
activity level.

showed better performance
on visuospatial short-term
memory task than the control
group. There were no
differences in visuospatial
mental rotation task among
the three groups.

(Continued)
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TABLE 2 | Continued

Study (Authors, N OSE CSE Control group Exercise Cognitive Cognitive Results
Publication years, experience tasks functions
Methodological (1) Gender (1) Gender (1) Gender
quality, Location) (2) Age (years) (2) Age (years) (2) Age (years)
(3) Exercise (3) Exercise (3) Exercise
(4) Education (years) (4) Education (years) (4) Education (years)
Huang C.J. et al., 2014 60 (1) 11M/20 (1) 9M/20 (1) 6M/20 OSE group: Eriksen flanker Inhibitory The OSE and CSE group
8/12 (2)69.4 + 3.0 (2) 70.6 £ 2.6 (2)68.3+2.3 7.8 £ 1.1 years; task control demonstrated better
China (Taiwan) (3) Table tennis, (8) Jogging, (3) Irregular exercise CSE group: performance on inhibitory

Lietal, 2018 75
8/12

China

Tsai and Wang, 2015 64
8/12

China (Taiwan)

Tsai et al., 2016 60
8/12
China (Taiwan)

tennis, badminton,
etc.

(1) 15M/25
(2)69.0 + 3.4
(3) Table tennis
or tennis
(4)10.7 £ 3.6

(1) 14m/21

(2)65.4 +4.2

(8) Badminton or table
tennis

(4)13.7 £ 3.0

1) 13M/20

2)65.3 + 4.1
3) Badminton
or table tennis
(4)14.0+2.8

(
(
(

swimming, etc.

(1) 8M/25
(2)69.8 + 3.1
() Jogging or
brisk walking
4 11.2+£33

(1) 14M/22
(2) 66.0 + 4.1
(8) Jogging or
swimming
4135+ 3.5

(1) 14M/20
(2)67.0+ 4.7
(3) Swimming or
jogging
4)13.3+3.6

1) 4M/25
2)67.8+29

3) Irregular exercise
)

(
(
(
4)11.9+34

1) 13M/21

2)63.9+ 3.4

3) Sedentary control
)

(
(
(
#12.9+2.0

) 13M/20
2)64.3 4+ 3.6

) Sedentary control
4)13.2+2.0

6.7 £ 2.4 years

Exercise

group: > 30 min/
session, > 3
times/week,

> 3 months.

Exercise

group: > 30 min/
session, > 3
times/week, > 2
year.

Exercise

group: > 30 min/
session, > 3
times/week, > 2
year.

Sedentary

controls: < 30 min/
session, < 2
times/week, > 2 year.

SCWIT,
Task-switching
paradigm

Task-switching
paradigm

Central cue
Posner
paradigm

Inhibitory control;

Cognitive
flexibility

Cognitive
flexibility

Visuospatial
attention

control compared with
sedentary control group,
whereas the OSE group
showed better
electrophysiological
performance (i.e., event-related
potential P300 amplitudes).

The OSE and CSE group
showed better performance on
inhibitory control and cognitive
flexibility compared with control
group, while the OSE showed
better electrophysiological
performance (i.e., event-related
potential smaller N200 and
larger P300a amplitudes).

The OSE and CSE group
showed better performance on
cognitive flexibility than control
group. The OSE group showed
better cognitive flexibility
compared with the CSE and
control group.

The OSE and CSE group
showed better performance on
visuospatial attention than
control group. The OSE could
have more beneficial effects
compared with CSE.

CSE, closed skill exercise; D-KEFS, Delis—-Kaplan executive function system, FFR, foreperiod; M, male; NVF, national-level volleyball player; NR, national-level rowers; NA, not available; OSE, open skill exercise; RT,
response time; RVFE, regional-level volleyball player; SCWIT, Stroop Color-Word Interference Test; VMTT, visuospatial mental rotation task; VSMT, visuospatial short-term memory task; VWMT, visuospatial working
memory task; WCST, Wisconsin card sorting test.
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Huang C.J. et al., 2014; Jacobson and Matthaeus, 2014; Tsai and
Wang, 2015; Guo et al., 2016; Tsai et al., 2016; Chang et al., 2017;
Chueh et al, 2017; Yu et al.,, 2017; Li et al., 2018) of the 14
observational studies were found to be of “moderate quality” and
one study (Becker et al., 2018) was judged to be of “high quality.”
The rating scores are presented in Table 2.

Study Findings

Observational Studies

Of the 14 observational studies, 12 (85.7%) showed that OSE
group performed better on several aspects of cognitive function
than the control group (Giglia et al., 2011; Dai et al., 2013; Wang
et al., 2013a,b; Huang C.J. et al., 2014; Jacobson and Matthaeus,
2014; Tsai and Wang, 2015; Guo et al., 2016; Tsai et al., 2016;
Chueh et al., 2017; Yu et al.,, 2017; Li et al., 2018). Nine studies
found that both OSE and CSE group showed better performance
of several aspects of cognitive function than the control group
(Dai et al,, 2013; Huang C.J. et al., 2014; Jacobson and Matthaeus,
2014; Tsai and Wang, 2015; Guo et al., 2016; Tsai et al., 2016;
Chueh et al,, 2017; Yu et al.,, 2017; Li et al., 2018). Furthermore,
seven of 14 (50%) studies reported that the OSE group had
better cognitive function compared with the CSE group (Giglia
et al, 2011; Dai et al,, 2013; Wang et al., 2013a; Jacobson and
Matthaeus, 2014; Tsai and Wang, 2015; Tsai et al.,, 2016; Yu
et al., 2017). The cognitive function measured in these studies
included attention and executive function (i.e., inhibitory control,
cognitive flexibility, and problem solving).

Only one observational study was conducted with participants
who were children (Becker et al., 2018). This study showed
that the two exercise modes (both OSE and CSE) were not
significantly associated with performance of executive function
(inhibitory control, working memory and cognitive flexibility)
(Becker et al., 2018). Seven observational studies were conducted
in young adults (Giglia et al., 2011; Wang et al., 2013a,b; Jacobson
and Matthaeus, 2014; Chang et al., 2017; Chueh et al., 2017;
Yu et al, 2017); and six (Giglia et al., 2011; Wang et al.,
2013a,b; Jacobson and Matthaeus, 2014; Chueh et al., 2017;
Yu et al,, 2017) of these seven studies observed that the OSE
group had better performances on inhibitory control, cognitive
flexibility, problem solving, visuospatial memory, or visuospatial
attention compared with the control group, while four showed
that the OSE group had better cognitive performance in the
domains of inhibitory control, visuospatial attention, problem
solving or cognitive flexibility than the CSE group (Giglia et al.,
2011; Wang et al., 2013a; Jacobson and Matthaeus, 2014; Yu
et al., 2017). In contrast, Chueh et al. (2017) found that the
cognitive performance (visuospatial attention and visuoapatial
memory) of the OSE and CSE exercise groups was better than
the control group, though the two exercise modes were not
differently associated with the participants’ performance on
cognitive function. Additionally, although a study by Chang et al.
(2017) showed that participating in OSE and CSE was associated
with improved physical fitness, this study found no significant
difference in cognitive performance (executive function) among
the three groups (OSE, CSE, and control group).

Of the 14 observational studies, the participants in six studies
were adults older than 55 years (Dai et al., 2013; Huang C.J. et al.,
2014; Tsai and Wang, 2015; Guo et al,, 2016; Tsai et al., 2016;

Li et al., 2018). Three of the six studies involving older adults
(Dai et al., 2013; Tsai and Wang, 2015; Tsai et al., 2016) showed
that OSE (versus the CSE and the control conditions) was
more effective in enhancing performance on cognitive function
(cognitive flexibility, or visuospatial attention). Guo et al. (2016)
found that the OSE group demonstrated better performances
on visuospatial working memory than the sedentary control
group, but found no differences between the OSE and CSE
groups. Meanwhile, both Huang C.J. et al. (2014) and Li et al.
(2018) found that both OSE and CSE groups demonstrated
better performance on executive function (i.e., inhibitory
control and cognitive flexibility) compared with the sedentary
control group, whereas only OSE group demonstrated a better
electrophysiological performance (e.g., event-related potential
P300 amplitudes).

Intervention Studies

Four (80%) intervention studies (Crova et al., 2014; Schmidt et al.,
2015; O’Brien et al.,, 2017; Tsai et al., 2017) demonstrated that
OSE led to improvements in some aspects of cognitive function
(i.e., memory, audio-visual perception, cognitive flexibility, and
inhibitory control), and three of these studies showed OSE to
be superior to CSE for benefiting cognitive function (i.e., audio-
visual perception, inhibitory control or cognitive flexibility)
(Crova et al., 2014; Schmidt et al., 2015; O’Brien et al., 2017).
Of the five intervention studies, two were conducted with
children, with the exercise durations being 6 months and 6 weeks,
respectively (Crova et al,, 2014; Schmidt et al, 2015). The
results consistently showed that OSE led to greater improvement
of executive function (i.e., inhibitory control and cognitive
flexibility) than CSE. Two intervention studies involved adults
older than 55 years (O’Brien et al., 2017; Tsai et al., 2017), and
one of these (Tsai et al., 2017) found a 6-month OSE intervention
to yield improvements on executive function (i.e., cognitive
flexibility) performance. In the same study, however, the CSE
intervention resulted in better working memory performance
compared with OSE (Tsai et al., 2017). The other study with
older adults examined the acute effects of one-bout OSE and CSE
intervention on cognitive function and found that immediate
memory was improved in both exercise groups compared with
control groups. The improvement of audio-visual perception was
only found in the OSE group (O’Brien et al., 2017). Finally, one
intervention study, using a crossover design, was conducted with
young adults (Hung et al., 2018) and found that one-bout acute
OSE led to a near significant trend of greater improvement in
cognitive flexibility compared with CSE.

DISCUSSION

This systematic review critically evaluated the effects of OSE
versus CSE on cognitive function. Collectively, we reviewed 19
study findings and found that 12 of 14 (86%) observational
studies and four of five (80%) intervention studies supported
cognitive benefits of OSE compared with control conditions.
Furthermore, in seven of 14 (50%) observational studies
and three of five (60%) intervention studies, participants in
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OSE groups had superior performance on several aspects of
cognitive function compared with participants in CSE groups.
Although the existing evidence tends to support that OSE
may be more effective in benefiting some aspects of cognitive
function (i.e., visuospatial attention, problem solving, audio-
visual perception, inhibitory control, and cognitive flexibility)
compared with CSE, it is premature to draw a clear picture
on the effects of OSE versus CSE on a specific domain of
cognitive function.

Cognitive Benefits of OSE Versus CSE
for Different Age Groups

Collectively, the findings of this systematic review suggested
that the cognitive benefits of OSE versus CSE may vary across
the developmental lifespan. Only three studies compared OSE
versus CSE effects on cognitive function in children (Crova
et al., 2014; Schmidt et al., 2015; Becker et al., 2018), and with
the exception of the one observational study (Becker et al.,
2018), the two intervention studies consistently demonstrated
that the OSE intervention resulted in greater improvement
of executive function than CSE (Crova et al., 2014; Schmidt
et al,, 2015). Previous studies suggested that the beneficial effects
of physical exercise were more evident on executive function
than on other aspects of cognitive function (Chaddock et al.,
2011; Khan and Hillman, 2014). Evidence from the current
review extends that impression from past literature by further
suggesting that OSE may have superior benefits on executive
function than CSE. Regular engagement in OSE likely stimulates
brain regions that benefit brain development and executive
function (Best, 2010). Thus, there are growing supports for
integrating OSE into children’s exercise intervention programs,
perhaps through physical education in school, as an effective
means of promoting executive function (Crova et al., 2014;
Schmidt et al., 2015).

With regard to young adults, although most of the included
studies supported the beneficial effects of the two modes
of exercise on cognitive function compared with sedentary
counterparts, evidence for superior cognitive function benefits
of OSE (versus CSE) is relatively limited, due to a scarcity
of long term or “chronic” intervention studies. Four of the
observational studies supported better cognitive performance in
OSE (versus CSE) group participants (Giglia et al., 2011; Wang
et al.,, 2013a; Jacobson and Matthaeus, 2014; Yu et al., 2017),
but in the one intervention study (Hung et al, 2018), there
was only near significant greater cognitive benefits resulting
from the acute OSE (versus CSE) intervention. Therefore, the
cognitive effects of OSE (versus CSE) in this age group are
inconclusive. It is speculated that the limited evidence of the
superior beneficial effects of OSE on cognitive function may
be attributed to the fact that brain maturation and cognitive
ability peak in young adulthood (Casey et al., 2000). Therefore,
OSE cannot exert additional benefits on cognitive function in
young adults. This review article also found that there were
no existing studies involved middle-aged participants (aged
36-55 years). Future studies may consider this age group as
potential participants.

In the older adults, evidence from this review’s six
observational studies (Dai et al., 2013; Huang C.J. et al., 2014;
Tsai and Wang, 2015; Guo et al, 2016; Tsai et al, 2016;
Lietal, 2018) and two intervention studies (O’Brien et al., 2017;
Tsai et al., 2017) consistently support a beneficial role of exercise
on cognitive function. Furthermore, three observational studies
(Dai et al., 2013; Tsai and Wang, 2015; Tsai et al., 2016) and
two intervention studies (O’Brien et al., 2017; Tsai et al., 2017)
suggested that, in this population, OSE may be more effective
for improving attention, audio-visual perception, or cognitive
flexibility. However, in this population as in others, it is worth
noting that the beneficial effects of CSE (e.g., jogging) should
not be neglected, even though there may be superior cognitive
benefits for OSE.

Taken together, the results of the current systematic review
indicate that OSE may be more effective in benefiting some
aspects of cognitive function compared with CSE, especially in
childhood and later adulthood. The findings not only help to
clarify the differential cognitive effects of the two exercise modes,
but also have some practical implications. For counteracting
the prevalence of physical inactivity and sedentary behavior, it
is reasonable to suggest that OSE should be incorporated into
exercise promotion programs, as it may maximize the cognitive
benefits of exercising.

Potential Mechanisms of the Superior
Effects of OSE Versus CSE

In this systematic review, the findings suggest a superior benefit
of OSE for enhancing some aspects of cognitive function, perhaps
especially in childhood and in late adulthood, as these two
periods either precede the prefrontal lobe brain maturation
that supports executive function (Casey et al, 2000), or are
associated with an aging-related decline incognitive function.
Of course, this is speculative, as the potential mechanisms
underlying the superior effects of OSE over CSE remain unclear.
OSE involves more cognitive loads and demands than CSE and
this may partially explain its superior benefits in this systematic
review. When performing OSE, participants are required to
accommodate a continually changing environment. As such,
there are greater cognitive demands and greater practice with
some aspects of cognitive function that includes visuospatial
ability, information-processing speed, multi-tasking flexibility,
and other executive functions such as working memory and
inhibitory control (Di Russo et al, 2010; Tsai et al, 2016,
2017). In contrast, CSE is performed in a predictable and
stable environment in which participants are less likely to
be exposed to multi-sensory stimuli than in OSE (Brady,
1995; Di Russo et al., 2010). CSE thus offers relatively less
cognition guidance toward accomplishing a challenging goal
or coordinating the body to execute complex movements
(Di Russo et al., 2010; Tsai et al, 2016, 2017). Collectively,
across the studies in this review, OSE came closer than
CSE to satisfying theory that the cognitive demands and
challenges of complex motor movement may be a pathway
underlying the beneficial effects of exercise on cognitive
function (Best, 2010). Additionally, social interaction that
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occurs during OSE training may exert a further positive impact
on cognitive function (Best, 2010).

Physiologically, complex motor leaning and movement seems
to exert longer positive influences on the neurotrophic system
[ie, the production of brain-derived neurotrophic factor
(BDNF) and its receptor functioning] in the cerebellum than
moderate-intensity running (Klintsova et al, 2004). BDNF
plays a critical role in neural plasticity and is considered
as a biomarker of exercise-induced cognitive benefits (Poo,
2001; Huang T. et al, 2014). A recent study in young
adults also showed that one bout of OSE induced a greater
increase in serum BDNF compared with a CSE intervention
(Hung et al., 2018). Therefore, the greater neurophysiological
changes that resulted from OSE may also support its superior
cognitive benefits.

Strength and Limitations

To the best of our knowledge, this was the first systematic
review of the comparative effects of OSE versus CSE on cognitive
function across the lifespan. Both intervention and observational
studies were included in this review. In order to maximize
between-study comparisons, we focused on studies that clearly
defined the exercise modes based on a motor skill classification
system yielding OSE and CSE categories. Despite the findings
regarding cognitive benefits of both exercise modes (particularly
to OSE) that we have outlined, the conclusions in this review
must be considered within the context of its limitations. First,
14 of the 19 (74%) included studies were cross-sectional in
design, and only five intervention studies were identified. These
facts lend caution to making causal inferences. Yet, three of
five (60%) included intervention studies supported a superior
effect of OSE on some aspects of cognitive function compared
with CSE, suggesting considerable value in further research
pursuits. Second, we did not conduct a meta-analytic review
due to the small number of randomized control trial (RCT)
studies, the prevalence of diverse outcomes measures, and the
wide age range of participants in these studies. Lastly, the
search language we used was limited to English, increasing

REFERENCES

Aberg, M. A, Pedersen, N. L., Toren, K., Svartengren, M., Backstrand, B., Johnsson,
T., et al. (2009). Cardiovascular fitness is associated with cognition in young
adulthood. Proc. Nat. Acad. Sci. U. S. A. 106, 20906-20911. doi: 10.1073/pnas.
0905307106

Becker, D. R., McClelland, M. M., Geldhof, G. J., Gunter, K. B., and MacDonald,
M. (2018). Open-skilled sport, sport intensity, executive function, and
academic achievement in grade school children. Early Educ. Dev. 29, 939-955.
doi: 10.1080/10409289.2018.1479079

Best, J. R. (2010). Effects of physical activity on children’s executive function:
contributions of experimental research on aerobic exercise. Dev. Psychopathol.
30, 331-551. doi: 10.1016/j.dr.2010.08.001

Booth, F. W., Roberts, C. K., and Laye, M. J. (2012). Lack of exercise is a major cause
of chronic diseases. Compr. Physiol. 2, 1143-1211. doi: 10.1002/cphy.c110025

Brady, F. (1995). Sports skill classification, gender, and perceptual style. Percept.
Mot. Skills 81, 611-620. doi: 10.2466/pms.1995.81.2.611

Carlson, S. M. (2005). Developmentally sensitive measures of executive function
in preschool children. Dev. Neuropsychol. 28, 595-616. doi: 10.1207/
$15326942dn2802_3

a risk of having omitted important research published in
other languages.

CONCLUSION

This review article systematically evaluated the current evidence
of the effects of OSE versus CSE on cognitive function based
on existing observational and intervention studies. The review
tends to support the notion that OSE is superior in improving
some aspects of cognitive function compared with CSE. Given
that most of the existing studies are observational in design,
with relatively few intervention studies, more rigorous RCTs
with long-term follow-ups are needed to further confirm the
current findings.

AUTHOR CONTRIBUTIONS

TH, QG, and LZ conceived the study. All authors contributed
to the investigation process, provided the methodology, and
wrote, reviewed, and edited the manuscript and approved its
final version of the manuscript. QG and TH wrote the original
draft of the manuscript. TH supervised the manuscript and
acquired funding.

FUNDING

This study was financially supported by the National Natural
Science Foundation of China (31600965) and the General
Administration of Sport of China (2017B044).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpsyg.
2019.01707/full#supplementary-material

Casey, B. J., Giedd, J. N., and Thomas, K. M. (2000). Structural and functional
brain development and its relation to cognitive development. Biol. Psychol. 54,
241-257. doi: 10.1016/50301-0511(00)00058-2

Chaddock, L., Pontifex, M. B., Hillman, C. H., and Kramer, A. F. (2011). A
review of the relation of aerobic fitness and physical activity to brain structure
and function in children. J. Int. Neuropsychol. Soc. 17, 975-985. doi: 10.1017/
S1355617711000567

Chang, E. C.-H., Chu, C.-H., Karageorghis, C. L, Wang, C.-C,, Tsai, ]. H.-C., Wang,
Y.-S., et al. (2017). Relationship between mode of sport training and general
cognitive performance. J. Sport Health Sci. 6, 89-95. doi: 10.1016/j.jshs.2015.
07.007

Chekroud, S. R., Gueorguieva, R., Zheutlin, A. B., Paulus, M., Krumholz, H. M.,
Krystal, J. H., et al. (2018). Association between physical exercise and mental
health in 1.2 million individuals in the USA between 2011 and 2015: a cross-
sectional study. Lancet Psychiatry 5, 739-746. doi: 10.1016/52215-0366(18)
30227-X

Cho, S. Y., So, W. Y., and Roh, H. T. (2017). The effects of tackwondo training on
peripheral neuroplasticity-related growth factors, cerebral blood flow velocity,
and cognitive functions in healthy children: a randomized controlled trial. Int.
J. Environ. Res. Public Health 14:454. doi: 10.3390/ijerph14050454

Frontiers in Psychology | www.frontiersin.org

August 2019 | Volume 10 | Article 1707


https://www.frontiersin.org/articles/10.3389/fpsyg.2019.01707/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpsyg.2019.01707/full#supplementary-material
https://doi.org/10.1073/pnas.0905307106
https://doi.org/10.1073/pnas.0905307106
https://doi.org/10.1080/10409289.2018.1479079
https://doi.org/10.1016/j.dr.2010.08.001
https://doi.org/10.1002/cphy.c110025
https://doi.org/10.2466/pms.1995.81.2.611
https://doi.org/10.1207/s15326942dn2802_3
https://doi.org/10.1207/s15326942dn2802_3
https://doi.org/10.1016/s0301-0511(00)00058-2
https://doi.org/10.1017/S1355617711000567
https://doi.org/10.1017/S1355617711000567
https://doi.org/10.1016/j.jshs.2015.07.007
https://doi.org/10.1016/j.jshs.2015.07.007
https://doi.org/10.1016/S2215-0366(18)30227-X
https://doi.org/10.1016/S2215-0366(18)30227-X
https://doi.org/10.3390/ijerph14050454
https://www.frontiersin.org/journals/psychology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/psychology#articles

Guetal

Exercise and Cognitive Function

Chueh, T. Y., Huang, C. ], Hsieh, S. S., Chen, K. F.,, Chang, Y. K., and Hung,
T. M. (2017). Sports training enhances visuo-spatial cognition regardless of
open-closed typology. Peer] 5:3336. doi: 10.7717/peer;j.3336

Crova, C., Struzzolino, 1., Marchetti, R., Masci, I., Vannozzi, G., Forte, R., et al.
(2014). Cognitively challenging physical activity benefits executive function in
overweight children. J. Sports Sci. 32, 201-211. doi: 10.1080/02640414.2013.
828849

Dai, C. T., Chang, Y. K., Huang, C. J., and Hung, T. M. (2013). Exercise mode and
executive function in older adults: an ERP study of task-switching. Brain Cogn.
83, 153-162. doi: 10.1016/j.bandc.2013.07.007

Di Russo, F., Bultrini, A., Brunelli, S., Delussu, A. S., Polidori, L., Taddei, F.,
et al. (2010). Benefits of sports participation for executive function in disabled
athletes. J. Neurotrauma 27, 2309-2319. doi: 10.1089/neu.2010.1501

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

Elkins, M. R., Moseley, A. M., Sherrington, C., Herbert, R. D., and Maher, C. G.
(2013). Growth in the physiotherapy evidence database (PEDro) and use of
the PEDro scale. Br. j. Sports Med. 47, 188-189. doi: 10.1136/bjsports-2012-
091804

Engeroff, T., Ingmann, T., and Banzer, W. (2018). Physical activity throughout the
adult life span and domain-specific cognitive function in old age: a systematic
review of cross-sectional and longitudinal data. Sports Med. 48, 1405-1436.
doi: 10.1007/540279-018-0920-6

Erickson, K. I, Voss, M. W., Prakash, R. S., Basak, C., Szabo, A., Chaddock, L.,
et al. (2011). Exercise training increases size of hippocampus and improves
memory. Proc. Nat. Acad. Sci. U. S. A. 108, 3017-3022. doi: 10.1073/pnas.10159
50108

Fuzeki, E., Engeroff, T., and Banzer, W. (2017). Health benefits of light-intensity
physical activity: a systematic review of accelerometer data of the national health
and nutrition examination survey (NHANES). Sports Med. 47, 1769-1793. doi:
10.1007/s40279-017-0724-0

Galligan, F. E. A. (ed.). (2000). “Acquiring skill,” in Advanced PE for Edexcel. Bath:
Bath Press, 102-108.

Giglia, G., Brighina, F., Zangla, D., Bianco, A., Chiavetta, E., Palma, A., et al. (2011).
Visuospatial attention lateralization in volleyball players and in rowers. Percept.
Mot. Skills 112, 915-925. doi: 10.2466/05.22.27.PMS.112.3.915-925

Guo, W., Wang, B., Lu, Y., Zhu, Q., Shi, Z., and Ren, J. (2016). The relationship
between different exercise modes and visuospatial working memory in
older adults: a cross-sectional study. Peer] 4:e2254. doi: 10.7717/peer;.
2254

Hillman, C. H., Pontifex, M. B., Castelli, D. M., Khan, N. A,, Raine, L. B., Scudder,
M. R, et al. (2014). Effects of the FITKids randomized controlled trial on
executive control and brain function. Pediatrics 134, €1063-e1071. doi: 10.1542/
peds.2013-3219

Hills, A. P., Street, S.J., and Byrne, N. M. (2015). Physical activity and health: “what
is old is new again”. Adv. Food Nutr. Res. 75, 77-95. doi: 10.1016/bs.afnr.2015.
06.001

Huang, C. J,, Lin, P. C,, Hung, C. L., Chang, Y. K., and Hung, T. M. (2014). Type
of physical exercise and inhibitory function in older adults: an event-related
potential study. Psychol. Sport Exerc. 15, 205-211. doi: 10.1016/j.psychsport.
2013.11.005

Huang, T., Larsen, K. T, Ried-Larsen, M., Moller, N. C., and Andersen, L. B. (2014).
The effects of physical activity and exercise on brain-derived neurotrophic
factor in healthy humans: a review. Scandinavian J. of Medicine & Science in
Sports 24, 1-10. doi: 10.1111/sms.12069

Huang, T., Tarp, J., Domazet, S. L., Thorsen, A. K., Froberg, K., Andersen, L. B.,
et al. (2015). Associations of adiposity and aerobic fitness with executive
function and math performance in Danish adolescents. J. Pediatr. 167, 810-815.
doi: 10.1016/j.jpeds.2015.07.009

Hung, C. L, Tseng, ]. W., Chao, H. H., Hung, T. M., and Wang, H. S. (2018). Effect
of acute exercise mode on serum brain-derived neurotrophic factor (bdnf) and
task switching performance. J. Clin. Med. 7:301. doi: 10.3390/jcm7100301

Jacobson, J., and Matthaeus, L. (2014). Athletics and executive functioning: how
athletic participation and sport type correlate with cognitive performance.
Psychol. Sport Exerc. 15, 521-527. doi: 10.1016/j.psychsport.2014.05.005

Khan, N. A, and Hillman, C. H. (2014). The relation of childhood physical activity
and aerobic fitness to brain function and cognition: a review. Pediatr. Exerc. Sci.
26, 138-146. doi: 10.1123/pes.2013-0125

Klintsova, A. Y., Dickson, E., Yoshida, R., and Greenough, W. T. (2004). Altered
expression of BDNF and its high-affinity receptor TrkB in response to complex
motor learning and moderate exercise. Brain Res. 1028, 92-104. doi: 10.1016/j.
brainres.2004.09.003

Knapp, B. (1967). Skill in Sport: The Atrainment of Proficiency. Abingdon:
Routledge.

Kramer, A. F,, and Erickson, K. I. (2007). Capitalizing on cortical plasticity:
influence of physical activity on cognition and brain function. Trends Cogn. Sci.
11, 342-348. doi: 10.1016/j.tics.2007.06.009

Kramer, A. F., Hahn, S., Cohen, N. J., Banich, M. T., McAuley, E., Harrison, C. R,,
et al. (1999). Ageing, fitness and neurocognitive function. Nature 400, 418-419.
doi: 10.1038/22682

Lezak, M. D., Howieson, D. B., Bigler, E. D., and Tranel, D. (2012).
Neuropsychological ~ Assessment, 5th  Edn. Oxford: Oxford University
Press.

Li, D., Huang, C. ], Liu, S. C., Chang, K. H., and Hung, T. M. (2018). Exercise
type relates to inhibitory and error processing functions in older adults.
Neuropsychol. Dev. cogn. Sec. B Aging Neuropsychol. Cogn. doi: 10.1080/
13825585.2018.1540688. [Epub ahead of print].

Lin, J., Wang, K., Chen, Z. S., Fan, X,, Shen, L. Q., Wang, Y. Z,, et al. (2018).
Associations between objectively measured physical activity and executive
functioning in young adults. Percept. Mot. Skills 125, 278-288. doi: 10.1177/
0031512517745438

Marques, A., Santos, D. A., Hillman, C. H., and Sardinha, L. B. (2018). How
does academic achievement relate to cardiorespiratory fitness, self-reported
physical activity and objectively reported physical activity: a systematic review
in children and adolescents aged 6-18 years. Br. J. Sports Med. 52:1039. doi:
10.1136/bjsports-2016-097361

Middleton, L. E., Barnes, D. E., Lui, L. Y., and Yaffe, K. (2010). Physical activity over
the life course and its association with cognitive performance and impairment
in old age. J. Am. Geriatr. Soc. 58, 1322-1326. doi: 10.1111/j.1532-5415.2010.
02903.x

Moher, D, Liberati, A., Tetzlaff, J., Altman, D. G., and Group, P. (2009). Preferred
reporting items for systematic reviews and meta-analyses: the PRISMA
statement. Br. Med. J. 339:b2535. doi: 10.1136/bmj.b2535

O’Brien, J., Ottoboni, G., Tessari, A., and Setti, A. (2017). One bout of open skill
exercise improves cross-modal perception and immediate memory in healthy
older adults who habitually exercise. PLoS One 12:¢0178739. doi: 10.1371/
journal.pone.0178739

Pedersen, B. K. (2019). Physical activity and muscle-brain crosstalk. Nat. Rev.
Endocrinol. 15, 383-392. doi: 10.1038/s41574-019-0174-x

Poo, M.-M. (2001). Neurotrophins as synaptic modulators. Nat. Rev. Neurosci. 2,
24-32. doi: 10.1038/35049004

Schmidt, M., Jager, K., Egger, F., Roebers, C. M., and Conzelmann, A. (2015).
Cognitively engaging chronic physical activity, but not aerobic exercise,
affects executive functions in primary school children: a group-randomized
controlled trial. J. Sport Exerc. Psychol. 37, 575-591. doi: 10.1123/jsep.2015-
0069

Stern, Y., MacKay-Brandt, A., Lee, S., McKinley, P., McIntyre, K., Razlighi, Q., et al.
(2019). Effect of aerobic exercise on cognition in younger adults: a randomized
clinical trial. Neurology 92, €905-e916. doi: 10.1212/WNL.00000000000
07003

Tsai, C. L., Pan, C. Y., Chen, F. C,, and Tseng, Y. T. (2017). 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. 9:294. doi: 10.3389/fnagi.2017.00294

Tsai, C. L., Wang, C. H., Pan, C. Y., Chen, F. C, Huang, S. Y., and Tseng,
Y. T. (2016). The effects of different exercise types on visuospatial attention in
the elderly. Psychol. Sport Exerc. 26, 130-138. doi: 10.1016/j.psychsport.2016.
06.013

Tsai, C. L, Wang, C. H, and Tseng, Y. T. (2012). Effects of exercise
intervention on  event-related potential and task performance
indices of attention networks in children with developmental
coordination disorder. Brain Cogn. 79, 12-22. doi: 10.1016/j.bandc.2012.
02.004

Tsai, C. L., and Wang, W. L. (2015). Exercise-mode-related changes in task-
switching performance in the elderly. Front. Behav. Neurosci. 9:56. doi: 10.3389/
fnbeh.2015.00056

Frontiers in Psychology | www.frontiersin.org

August 2019 | Volume 10 | Article 1707


https://doi.org/10.7717/peerj.3336
https://doi.org/10.1080/02640414.2013.828849
https://doi.org/10.1080/02640414.2013.828849
https://doi.org/10.1016/j.bandc.2013.07.007
https://doi.org/10.1089/neu.2010.1501
https://doi.org/10.1146/annurev-psych-113011-143750
https://doi.org/10.1136/bjsports-2012-091804
https://doi.org/10.1136/bjsports-2012-091804
https://doi.org/10.1007/s40279-018-0920-6
https://doi.org/10.1073/pnas.1015950108
https://doi.org/10.1073/pnas.1015950108
https://doi.org/10.1007/s40279-017-0724-0
https://doi.org/10.1007/s40279-017-0724-0
https://doi.org/10.2466/05.22.27.PMS.112.3.915-925
https://doi.org/10.7717/peerj.2254
https://doi.org/10.7717/peerj.2254
https://doi.org/10.1542/peds.2013-3219
https://doi.org/10.1542/peds.2013-3219
https://doi.org/10.1016/bs.afnr.2015.06.001
https://doi.org/10.1016/bs.afnr.2015.06.001
https://doi.org/10.1016/j.psychsport.2013.11.005
https://doi.org/10.1016/j.psychsport.2013.11.005
https://doi.org/10.1111/sms.12069
https://doi.org/10.1016/j.jpeds.2015.07.009
https://doi.org/10.3390/jcm7100301
https://doi.org/10.1016/j.psychsport.2014.05.005
https://doi.org/10.1123/pes.2013-0125
https://doi.org/10.1016/j.brainres.2004.09.003
https://doi.org/10.1016/j.brainres.2004.09.003
https://doi.org/10.1016/j.tics.2007.06.009
https://doi.org/10.1038/22682
https://doi.org/10.1080/13825585.2018.1540688.
https://doi.org/10.1080/13825585.2018.1540688.
https://doi.org/10.1177/0031512517745438
https://doi.org/10.1177/0031512517745438
https://doi.org/10.1136/bjsports-2016-097361
https://doi.org/10.1136/bjsports-2016-097361
https://doi.org/10.1111/j.1532-5415.2010.02903.x
https://doi.org/10.1111/j.1532-5415.2010.02903.x
https://doi.org/10.1136/bmj.b2535
https://doi.org/10.1371/journal.pone.0178739
https://doi.org/10.1371/journal.pone.0178739
https://doi.org/10.1038/s41574-019-0174-x
https://doi.org/10.1038/35049004
https://doi.org/10.1123/jsep.2015-0069
https://doi.org/10.1123/jsep.2015-0069
https://doi.org/10.1212/WNL.0000000000007003
https://doi.org/10.1212/WNL.0000000000007003
https://doi.org/10.3389/fnagi.2017.00294
https://doi.org/10.1016/j.psychsport.2016.06.013
https://doi.org/10.1016/j.psychsport.2016.06.013
https://doi.org/10.1016/j.bandc.2012.02.004
https://doi.org/10.1016/j.bandc.2012.02.004
https://doi.org/10.3389/fnbeh.2015.00056
https://doi.org/10.3389/fnbeh.2015.00056
https://www.frontiersin.org/journals/psychology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/psychology#articles

Guetal

Exercise and Cognitive Function

Wang, C. H, Chang, C. C, Liang, Y. M., Shih, C. M., Chiu, W. S,
Tseng, P., et al. (2013a). Open vs. closed skill sports and the modulation
of inhibitory control. PLoS One 8:¢55773. doi: 10.1371/journal.pone.00
55773

Wang, C. H.,, Chang, C. C,, Liang, Y. M., Shih, C. M., Muggleton, N. G., and
Juan, C. H. (2013b). Temporal preparation in athletes: a comparison of tennis
players and swimmers with sedentary controls. J. Mot. Behav. 45, 55-63.
doi: 10.1080/00222895.2012.740522

Westfall, D. R, Gejl, A. K, Tarp, J., Wedderkopp, N., Kramer, A. F,
Hillman, C. H., et al. (2018). Associations between aerobic fitness and
cognitive control in adolescents. Front. Psychol. 9:1298. doi: 10.3389/fpsyg.2018.
01298

Yu, Q., Chan, C. C. H., Chau, B., and Fu, A. S. N. (2017). Motor skill experience
modulates executive control for task switching. Acta Psychol. 180, 88-97.
doi: 10.1016/j.actpsy.2017.08.013

Zotcheva, E., Bergh, S., Selbaek, G., Krokstad, S., Haberg, A. K., Strand, B. H.,
et al. (2018). Midlife Physical Activity, Psychological Distress, and Dementia
Risk: the HUNT Study. J. Alzheimer’s Dis. 66, 825-833. doi: 10.3233/JAD-18
0768

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Gu, Zou, Loprinzi, Quan and Huang. 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 Psychology | www.frontiersin.org

13

August 2019 | Volume 10 | Article 1707


https://doi.org/10.1371/journal.pone.0055773
https://doi.org/10.1371/journal.pone.0055773
https://doi.org/10.1080/00222895.2012.740522
https://doi.org/10.3389/fpsyg.2018.01298
https://doi.org/10.3389/fpsyg.2018.01298
https://doi.org/10.1016/j.actpsy.2017.08.013
https://doi.org/10.3233/JAD-180768
https://doi.org/10.3233/JAD-180768
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/psychology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/psychology#articles

	Effects of Open Versus Closed Skill Exercise on Cognitive Function:A Systematic Review
	Introduction
	Materials and Methods
	Literature Searches
	Inclusion/Exclusion Criteria for Study Selection
	Data Collection
	Methodological Quality

	Results
	Study Selection
	Characteristics of Included Studies
	Methodological Quality of Included Studies
	Study Findings
	Observational Studies
	Intervention Studies


	Discussion
	Cognitive Benefits of OSE Versus CSE for Different Age Groups
	Potential Mechanisms of the Superior Effects of OSE Versus CSE
	Strength and Limitations

	Conclusion
	Author Contributions
	Funding
	Supplementary Material
	References


