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Abstract: Acute high-intensity interval training (HIIT) is a time-efficient strategy to improve physical
health; however, the effect of acute HIIT on executive function (EF) is unclear. The aim of this study
was to systematically review the existing evidence and quantify the effect of acute HIIT on overall EF
and the factors affecting the relationship between acute HIIT and EF. Standard databases (i.e., the
PubMed, Medline, Scopus, and CENTRAL databases) were searched for studies that examined
the effect of acute HIIT on EF and were published up until January 2021. The overall EF and
factors grouped by three categories, namely, EF assessment characteristics, exercise intervention
characteristics, and sample and study characteristics, were analyzed by percentage of comparison for
positive or null/negative effects. Overall, 35 of 57 outcomes (61%) across 24 studies revealed that
acute HIIT has a positive effect on overall EF. In terms of factors, the results indicated that among EF
assessment characteristics, groups, inhibition, updating, and the assessment occurring within 30 min
may moderate the effect of acute HIIT on EF, while among exercise intervention characteristics, total
time within 11 to 30 min may moderate the effect. Finally, among sample characteristics, age under
40 years may moderate the effect. Acute HIIT is generally considered a viable alternative for eliciting
EF gains, with factors related to EF components, timing of the assessment, exercise total time, and
age potentially moderating the effect of HIIT on EF.

Keywords: acute exercise; cognitive function; high-intensity interval training; executive function;
exercise; systematic review

1. Introduction

Acute exercise, which refers here to a single bout of exercise, has received considerable
and increasing interest due to its facilitating effect on cognitive function [1-3]. Indeed, it
is currently recommended by both the American College of Sport Medicine guidelines
(ACSM, 2020) and various national physical activity guidelines based in part on its benefi-
cial effects on cognitive function [4]. Along with being positively associated with various
aspects of cognitive function (e.g., attention, information processing, and memory), acute
exercise has been found to have a pronounced effect on executive function (EF), a subset
of top-down cognitive control processes for purposeful and goal-directed behavior [5-8].
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Acute exercise has been observed to improve EF performance behaviorally [9-11], in ad-
dition to positively affecting EF task-associated neuroelectric activity [12-14] and neural
networks [15,16]. The facilitation of EF following acute exercise has been further con-
firmed by several reviews [17-19]. However, such effects on specific modality of exercise
(e.g., high-intensity interval training (HIIT)) remains for further investigation.

HIIT, a unique form of exercise, has been found to improve health in general [4]. HIIT
consists of repeated, brief durations of high-intensity exercise (i.e., exercise resulting in
>85% maximal heart rate) interspersed with periods of low-intensity exercise or rest [20-22].
Compared to typical exercise (e.g., aerobic exercise, resistance exercise), HIIT appears to
constitute a more effective strategy for eliciting a range of physiological health benefits
such as improved cardiorespiratory fitness [23,24], improved insulin sensitivity [25], and
decreased body fat and blood pressure [26]. In addition to these physiological alterations,
the beneficial effects of HIIT have also been found to extend to EF [27-29].

Recently, Chang and colleagues [30] proposed a “3W1H” framework aimed at further
understanding the effects of acute exercise on cognitive function, in which it is suggested
that the nature of cognitive functions and the exercise characteristics (i.e., what), moderators
linked to sample characteristics and the timing of the assessment (i.e., who and when),
and the potential mechanisms involved (i.e., how) should be considered. Relatedly, it
is expected that the effects of acute HIIT on EF could be further enhanced based upon
the framework. In specific terms, EF can be divided into two sub-domains consisting of
core EF (i.e., inhibition, shifting, and updating/working memory) and higher-order EF
(i.e., planning) [7,31], and the question of whether HIIT affects general EF or these specific
EF sub-domains remains unanswered [19,32]. It is also unclear whether specific HIIT
characteristics affecting EF could be investigated because while the nature of typical exercise
characteristics (e.g., exercise duration, exercise mode, and exercise intensity) have been
observed to affect EF [1,33], HIIT contains different exercise features (i.e., working/recovery
time ratio and rest interval). Lastly, sample and study characteristics (i.e., age, gender,
fitness level, design, and comparison) as well as the timing of the assessment have been
found to influence the effects of acute exercise on cognitive function, but whether these
factors affect the relationship between HIIT and EF has yet to be determined [1].

To extend the existing knowledge regarding the effect of acute HIIT on EF, systematic
evaluations of the available evidence [27-29] and comprehensive reviews of the conse-
quences of overall and moderating factors are required [34,35]. The present systematic
review thus sought to investigate the effect of acute HIIT on EF while also considering
three categories of potentially influential factors, including EF assessment characteristics
(i-e., EF components and the timing of the assessment), exercise intervention characteristics
(i.e., total time, type, modality, work/recovery time ratio, rest interval, and intensity),
and sample and study characteristics (i.e., age, gender, fitness level, study design, and
comparator), in order to further our understanding.

2. Methods

This systematic review was designed in accordance with the Preferred Reporting Items
for Systematic Reviews and Meta-analysis (PRISMA) guidelines [36], and the methods
used were selected based on the Cochrane Guidelines for Systematic Reviews for literature
search and selection [37].

2.1. Search Strategy

The literature search consisted of a computer-based search of the PubMed, Medline,
Scopus, and CENTRAL databases for articles published between January 1990 and Jan-
uary 2021. The search query was [“high intensity interval training” (Title/ Abstract) OR
“HIIT” (Title/ Abstract) OR “high intensity interval exercise” (Title/Abstract) OR “HIIE” (Ti-
tle/ Abstract)] AND [“cognition” (Title/ Abstract) OR “cognitive function” (Title/ Abstract)
OR “executive function” (Title/ Abstract) OR “inhibition” (Title/ Abstract) OR “updating”
(Title/ Abstract) OR “shifting” (Title/ Abstract) OR “planning” (Title/ Abstract)]. Additional
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articles were added by reviewing previous systematic reviews [24,27], and we also supple-
mented the search using complementary databases (i.e., the Google Scholar database). All
the articles considered in the search were limited to peer-reviewed publications written
in English.

2.2. Selection Criteria

The selection criteria were based on the PICOS criteria in order to define the charac-
teristics of the included studies. Population: studies including healthy participants with
no limitations for age were included; Intervention: studies evaluating the effect of acute
HIIT on executive function and providing clear HIIT protocol were included; Comparator:
studies comparing an active control (e.g., stretching) or passive control (e.g., watching tele-
vision, sitting, and resting) were included; Outcomes: studies assessing EF were included;
Study design: studies with any type of design (i.e., within-subject and between-subject
designs) were included. One reviewer (JYA) initially performed the article search, after
which two reviewers (JYA and FTC) screened the titles and abstracts of studies identified
for potential selection by the search. Any disagreements were discussed with the third
reviewer (YKC), until a consensus was achieved.

2.3. Quality Assessment

The Cochrane Collaborations” domain-based assessment of risk of bias [38], a seven-
item quality assessment tool, was employed. The seven items assessed can be described
as follows: (1) random sequence generation refers to selection bias due to inadequate
generation of a randomized sequence. (2) Allocation concealment refers to selection bias
due to inadequate concealment of allocations prior to assignment. (3) Blinding refers to
performance bias. (4) Blinding of the outcome assessment refers to detection bias. (5) In-
complete outcome data refers to attrition bias. (6) Selective reporting refers to reporting
bias. (7) Other bias refers to bias due to problems not covered elsewhere in the domain-
based assessment (e.g., a potential source of bias related to the specific study design). The
methodological quality of each study was evaluated by two reviewers (JYA and FTC), and
disagreements were resolved by consulting the third reviewer (YKC).

2.4. Data Extraction

Information on study details (i.e., author, year, and participant location), participants
(i.e., sample size, gender, mean age, and fitness level), design characteristics (i.e., experi-
mental design and comparator), exercise intervention (total time, type (modality), protocol
(i.e., set, work and recovery time, and rest interval), and intensity), and the EF assessment
(i.e., timing of the assessment, task, and components) were extracted from all the included
studies. Data from included studies were extracted independently by two of the reviewers
(JYA and FIC) and any discrepancies were solved by consulting a third reviewer (YKC).

For understanding potential moderators, the review further utilized the percentages of
positive and null/negative effects. EF outcomes were extracted and response time (RT) data
was included, if RT and accuracy were simultaneously coexisting [39]. We further categorized
potential moderators into three groups to examine their possible moderating role in the effects
of acute HIIT on EF (with the three categories being EF assessment characteristics, exercise
intervention characteristics, and sample and study characteristics). The EF assessment
characteristics considered included EF components (i.e., inhibition, updating, shifting, and
planning) and the timing of the assessment (i.e., <10 min, 11-20 min, 21-30 min, or >30 min
after the exercise). The exercise intervention characteristics considered included the total
exercise time (i.e., <10 min, 11-20 min, 21-30 min, or >30 min), type (i.e., aerobic exercise
or combined exercise), modality (i.e., running, cycling, circuit training, or boxing), rest
interval (i.e., active or passive), work/recovery time ratio (i.e., >1, <1, or = 1), and intensity
(i.e., maximal or submaximal). The sample and study characteristics considered consisted
of age (i.e., <18 years old, 19~40 years old, or >40 years old), gender (i.e., >50% male, <50%
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male, or equal), fitness level (i.e., fit or sedentary), study design (i.e., within-subject or
between-subject), and comparator (i.e., active control or passive control).

3. Results
3.1. Search Results and Overall EF

A total of 521 articles for potential inclusion were initially retrieved through the search,
and 338 articles were identified through other sources (n = 859). After removing duplicates,
446 articles remained for further screening of titles and abstracts. Afterward, 152 full-text
articles were assessed for examination of their eligibility. Finally, 24 articles were included
in the systematic review (Figure 1).

)
s
°§ Records identified through database searching Additional records identified through
= (PubMed, Medline, Scopus, and CENTRAL) other source
£ (n=521) (n=338)
=
—
M
A4 A4
Records after duplicates removed
(n=521)
o0
=
=
g
A > Records excluded
(n=294)
A4
— Full-text article assessed for
() eligibility
=z (n=152)
= Full-text articles excluded
SE‘ (n=128):
= ~ 41 Not included acute exercise
g 27 Not meet exercise criteria
— 11 Not describe exercise protocol
( ) 20 No outcome of executive function
= 4 review/meta-analysis
= Studies included in review
] (n=24)
=
—

Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) flow diagram of each stage of the

study selection.

All of the included articles were studies addressing the effects of an acute HIIT
intervention on EF; an overview of the included studies is provided in Table 1. The present
review found that the number of participants in each study ranged from 11 to 64, and the
studies included studies conducted in twelve countries, including Brazil [40], China [41,42],
Colombia [43], France [44], Germany [45,46], Japan [47-51], Korea [52], Lithuania [53],
Poland [54,55], Spain [56], Switzerland [57], the United States [58-61], and the United
Kingdom [62,63]. Additionally, 13 task-related EF components (i.e., inhibition, updating,
shifting, and planning) were categorized (Table 2). Overall, the results found that 35 of
57 (61%) outcomes showed a positive effect on overall EF and 22 of 57 (39%) outcomes
showed a null/negative effect on overall EF (Table 3).
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Table 1. Overview of characteristics of included studies regarding acute high-intensity interval training and executive function.
Study Participant Design Exercise Intervention EF Assessment
N (males %) Mean age Exp. Desien Protocol:
Author (year), Location (SD) b 5 Total time Type Set, WRT (rest Intensity Time exam. Task Comp.
. Comparator :
Fitness level interval)
Alves et al. (2014) [40] N =22 (41%) Within-subject . Aerobic exercise 10 sets, 1 i . Digit span Updating
. 53.7 (4.7) . 20 min . and 1 min Submax. Immediate test-backward oers
Brazil . Active (cycling) . Inhibition
Fit (active) Stroop test
. N =45 (53%) _ . . .
Burin.et al. (2020) [47] 23.7 (4.5) Wlthm—s:ub]ect 8 min Aerobic exercise 8 sets, 30 s and Maximal Immediate Stroop test Inhibition
Japan Fit Passive (running) 30 s (active)
N =36 (0%) . Combined )
Chang et al. (2017) [52] 214 (1.6) Between-.sub]ect 30 min exercise (circuit 3 setsf 1:2 Submax. 15 min Stroop test Inhibition
Korea . Passive e (passive)
Fit training)
N = 44 (48%) Corsi block test
Cooper et al. (2016) [62] - ¢ Within-subject . Aerobic exercise 10 sets, 10 s and . Immediate, 45 Stroop Updating
12.6 (0.6) . 10 min . . Maximal . el
UK Fit Passive (running) 50 s (active) min test-complex Inhibition
level
N =20 (100%) . . . . . oo
Dupuy et al. (2018) [44] Within-subject . Aerobic exercise 6 sets, 3 min and 15,30,45,and  Modified Stroop .
28.0 (4.8) . 36 min . . . Submax. . . Shifting
France Fit Passive (cycling) 3 min (passive) 60 min test-interference
Gmiat et al. (2017) [55] N =14 (0%) Between-subject . Co.mbm.ed . 3 sets, 30 s and . . Corsi block test Inhibition
22.7 (3),41.7 (4) . 27 min exercise (circuit . Maximal 60 min .
Poland Passive .. 10 s (passive) Stroop test Updating
Sedentary training)
Hashimoto et al. (2018) N =14 (100%) o . . . . Immediate, 10,
[48] 24 (1) Within-subject g 1y, Aerobicexercise 4sets dminand g, o 50 30, 40, 50 Stroop test Inhibition
Passive (cycling) 3 min (active) .
Japan Sedentary min
Kao et al. (2018) [58] N =36 (50%) Within-subject . Aerobic exercise 8 sets, 1 min and . Elanker task- S
21.5(0.5) . 16 min . . . Submax. 12 min interference Inhibition
USA Passive (running) 1 min (active)
Sedentary score
Kao et al. (2017) [59] N = 64 (42%) Within-subject . Aerobic exercise 3 sets, 1.5 min . Flanker task- I
19.2 (0.8) . 7.5 min . and 1 min Submax. 20 min . Inhibition
USA Passive (running) . incongruent
Sedentary (active)
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Table 1. Cont.
Study Participant Design Exercise Intervention EF Assessment
. N =25 (64%) . . . .
Kujach e;:l.a(r?OlS) [49] 21.0 (1.6) Wltﬁzr;sisz]ect 8 min Aer(()(l:nzl?;(e;‘ cise 83%e:s(, 3;)5:132;1 Submax. 15 min Stroop test Inhibition
P Sedentary ycling P
Kujach et al. (2019) [50] N =36 (100%) Between-subject . Aerobic exercise 6 sets, 30 S and . . Stroop test Inhibition
Japan 21 (1.29) Passive 30 min (cycling) 4.5 min Maximal 20 min TMT-B Shiftin
p Fit-low yeng (passive) &
Lambrick et al. (2016) N =20 (45%) Within-subject . Aerobic exercise 6 sets, 55 s and . 1 min, 15 min, s
[63] 8.8 (0.8) . 15 min . . Maximal . Stroop test Inhibition
Passive (running) 95 s (active) and 30 min
UK Sedentary
. N =18 (100%) . . . . .
Ligeza et al. (2018) [54] Within-subject . Aerobic exercise 4 sets, 3 min, 3 . Flanker task- -
249 (2.2) . 24 min . . . Submax. 13 min . Inhibition
Poland Fit Passive (cycling) min (active) incongruent
Ludyga et al. (2019) N =94 (100%) Between-subject . Co.mbm.ed . 10sets, 60 s and . Immediate, 30 Flanker task- -
. 13.9 (0.7) . 16 min exercise (circuit  30s,30s and 30 Maximal . . . Inhibition
[57] Switzerland Passive .. . min, 60 min incongruent
Sedentary training) s (passive)
Martinez et al. (2020) N =25(100%) Within-subject . Aerobic exercise 10 sets, 1 i Immediate, 30 . .
. (2.1) . 20 min . and 1 min Submax. . Digit span test Updating
[56] Spain . Passive (cycling) . min
Fit (passive)
10 min 5 sets, 1 min and
. N =25 (48%) G . . 1 min (active)
Miller et al. (2019) [60] 23 (2.79) Within s'ub]ect (Lv) apd Aerobic exercise (LV); 10 set, 1 Submax. 1 min Stroop test Inhibition
USA . Passive 20 min (cycling) . .
Fit (MV) min and 1 min
(active) (MV)
Quintero et al. (2018) N =36 (100%) e . . .
[43] 23.55 (3.4) Between-subject 4, ;,  Aerobicexercise d4sets, dminand g pamediate Stroop Inhibition
. Passive (running) 4 min (active) test-interference
Colombia Sedentary
— 0, -
Schwarck et al. (2019) N =39 (100%) Between-subject . Aerobic exercise 5 sets, 2 min and . .Stroop test Inhibition
23.33 (3.23) . 25 min . . . Submax. 10 min incongruent ire
[45] Germany . Passive (running) 3 min (active) Shifting
Fit TMT-B
N =13 (100%) 23.62 _ . . . . .
Slusher et al. (2018) [61] (1.06) Within-subject 5 min Aerobic exercise 10 sets, 20 s and Maximal Immediate Wisconsin card Updating

USA

Sedentary

Passive

(cycling)

10 s. (active)

sorting task
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Table 1. Cont.
Study Participant Design Exercise Intervention EF Assessment
Go/No-Go task
Solianik et al. (2020) N =11 (100%) Within-subject . Aerobic exercise 3 sets, 3 min and . . ProgeduFal Inhl.bl.t ton
[53] Lithuania 22.8(2.9) passive 12 min (boxing) 1 min (passive) Maximal 21-30 min reaction time Shifting
Fit Mathematical Updating
processing
N =20 (50%) _ . . .
Sun et al. (2019) [42] 23.9 (2.5) Wlthm—s:ub]ect 6 min Aerobic exercise 10 sets, 6 s.and Maximal Immediate Go/No-Go task Inhibition
China Passive (cycling) 30 s (passive)
Sedentary
N =12 (100%) . . . . . .
Tsukamoto et al. (2016) Within-subject . Aerobic exercise 4 sets, 4 min and Immediate, 10, Stroop test- .
22.9(0.4) . 28 min . . . Submax. . . Inhibition
[51] Japan Fit Passive (cycling) 3 min (active) 20, and 30 min incongruent
. N =35 (49%) . Combined Stroop Inhibition
Wilke etIe;l. ;iOZO) [46] 26.7 (3.6) Betvx;faesr;iilzb]ect 15 min exercise (circuit 3(1) 5 e;t?, ig;‘:;d Maximal Immediate TMT-B Shifting
p Fit training) P Digit span test Updating
. N =16 (100%) . . . . 10 sets, 1 min
Xie et al. (2020) [41] 24,5 (5.09) Wlthm—s:ub]ect 20 min Aerobic exercise and 1 min Submax. 15 min Flanker task- Inhibition
China Passive (cycling) . incongruent
Sedentary (active)

Note: WRT = work and recovery time; NR = not report; TMT-B = trail making test-B; UK = United Kingdom; USA = United States; Immediate <10 min; Exam. = Examination; Comp. = Component; Submax. =

Submaximal.
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Table 2. Overview of component-specific executive function tasks.

Inhibition Updating Shifting Planning

Corsi blocks test

Go/No-Go task Digit span test-backward Modified Stroqp test
. . Procedural reaction time
Flanker task Mathematical processing Switching task-costs None
Stroop test Symbol digits modality &

. X . Trail i -B
Wisconsin card sorting task rail making task

Table 3. The positive and null/negative comparison of effects on overall executive function and associated factors
categorized into three groups.

N of Outcome N of Positive Effect (%) N of Null Effect (%)
Overall 57 35 (61%) 22 (39%)
EF assessment
Component
Inhibition 39 27 (69%) 12 (31%)
Updating 11 6 (55%) 5 (45%)
Shifting 7 2 (29%) 5 (71%)
Planning - - -
Time examination
<10 min 24 16 (67%) 8 (33%)
11-20 min 11 9 (88%) 2 (12%)
21-30 min 10 7 (70%) 3 (30%)
>30 min 12 3 (25%) 9 (75%)
Exercise intervention
Total time
<10 min 8 3 (38%) 5 (62%)
11-20 min 24 17 (71%) 7 (29%)
21-30 min 20 13 (65%) 7 (35%)
>30 min 5 2 (40%) 3 (60%)
Type
Aerobic exercise 43 28 (65%) 15 (35%)
Combined exercise 14 7 (50%) 7 (50%)
Modality
Running 12 7 (58%) 5 (42%)
Cycling 28 19 (69%) 9 (31%)
Circuit training 14 7 (50%) 7 (50%)
Boxing 3 2 (67%) 1 (33%)
Rest interval
Active 30 21 (70%) 9 (30%)
Passive 27 14 (52%) 13 (48%)
Work recovery ratio
>1 25 16 (64%) 9 (36%)
<1 13 7 (54%) 6 (46%)
=1 19 12 (63%) 7 (37%)
Intensity
Maximal 21 12 (57%) 9 (43%)
Submaximal 36 23 (64%) 13 (36%)
Sample and study characteristics
Age
<18 years 13 7 (54%) 6 (46%)
19~40 years 40 27 (68%) 13 (32%)
>40 years 4 1 (25%) 3 (75%)
Gender
>50% male 33 22 (67%) 11 (33%)
<50% male 23 12 (52%) 11 (48%)
Equal 1 1 (50%) 1 (50%)

Fitness level
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Table 3. Cont.

N of Outcome N of Positive Effect (%) N of Null Effect (%)

Fit 53 33 (62%) 20 (38%)

Sedentary 4 2 (50%) 2 (50%)
Study Design

Within-subject 38 25 (66%) 13 (34%)

Between subject 19 10 (53%) 9 (47%)
Comparator

Active control 2 1 (50%) 1 (50%)

Passive control 55 34 (62%) 21 (38%)

Note: EF = executive function.

3.2. EF Assessment

In terms of individual EF components, we found greater percentages of positive effects
for inhibition (69% vs. 31%) and updating (55% vs. 45%), whereas the results revealed
that the number of null/negative effects was greater than the number of positive effects
for shifting (29% vs. 71%). No EF outcomes for planning were included in the reviewed
studies. In the terms of the timing of assessment, the number of positive effects was greater
than the number of null/negative effects when the assessment was performed less than
10 min (67% vs. 33%), 11-20 min (88% vs. 12%), or 21-30 min (70% vs. 30%) after the
exercise. In contrast, the number of null/negative effects was greater than the number of
positive effects when the assessment was conducted more than 30 min (25% vs. 75%) after
the exercise.

3.3. Exercise Intervention

This systematic review also examined the effects of acute exercise on EF through
consideration of six exercise intervention characteristics, including typical exercise features
(i.e., total time, type, and modality) and HIIT features (i.e., rest interval, work/recovery
time ratio, and intensity).

Regarding typical exercise features, the analysis indicated that greater percentages
of positive effects were found for total time between 11 and 20 min (71% vs. 29%) and
total time between 21 and 30 min (65% vs. 35%), but not for total time of less than 10 min
(38% vs. 62%) or total time of more than 30 min (40% vs. 60%). Regarding exercise
type, the percentage of positive effects was greater than that of null/negative effects for
aerobic exercise (65% vs. 35%), while the percentages of positive effects and null /negative
effects were similar for combined exercise (50% vs. 50%). In terms of exercise modality, the
percentage of positive effects was greater than that of null/negative effects for running (58%
vs. 42%), cycling (69% vs. 31%), and boxing (67% vs. 33%). In addition, similar percentages
of positive and null/negative effects were found for circuit training (50% vs. 50%).

Regarding HIIT features, the percentage of positive effects was greater than the
percentage of null/negative effects for active interval control (70% vs. 30%) and for passive
control (52% vs. 48%) during the rest interval. In terms of work/recovery time ratio,
the analysis indicated that the percentage of positive effects was greater than that of
null/negative effects for all categories, including >1 (64% vs. 36%), <1 (54% vs. 46%),
and =1 (63% vs. 37%). In terms of intensity, the percentage of positive effects was greater
than the percentage of null/negative effects for maximal intensity (57% vs. 43%) and
submaximal intensity (64% vs. 36%).

3.4. Sample and Study Characteristics

This systematic review considered also another five factors, including sample char-
acteristics (i.e., age, gender, and fitness level) and study characteristics (study design and
comparison type).

Regarding the sample characteristics, the results for age indicated that the percentage
of positive effects was greater than the percentage of null/negative effects for participants
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aged less than 18 years (54% vs. 46%) and participants aged 19 to 40 years old (68% vs.
32%), whereas the percentage of null/negative effects was greater than percentage of
positive effects for participants aged more than 40 years old (25% vs. 75%). In terms of
gender, regardless of the percentage of male participant, the percentage of positive effects
was greater than that of null/negative effects (52~67% vs. 33~48%). In terms of fitness
level, the percentage of positive effects was greater than that of null/negative effects for fit
participants (62% vs. 38%), whereas the percentages were similar for sedentary participants
(50% vs. 50%). In terms of study characteristics, the percentage of positive effects was
greater than that of null/negative effects for within-subject designs (66% vs. 34%) and
between-subject designs (53% vs. 47%). In terms of comparators, the percentage of positive
effects was greater than that of null/negative effects for passive control (62% vs. 38%) and
similar for active control (50% vs. 50%).

3.5. Quality Assessment

Most of the studies revealed unclear risks of bias in terms of selection bias, perfor-
mance bias, and detection bias, as well as low risks of bias in terms of attrition bias,
reporting bias, and other bias. High risks of bias were reported in terms of performance
bias, detection bias, reporting bias, and other bias, but with relative low percentages. These
results demonstrated that the included studies were of low to moderate quality in general.
The risk of bias results are summarized in Figure 2.

Blinding of participants and personnel (performance bias) -

Blinding of outcome assessment (detection bias) .

Random sequence generation (selection bias) _

Allocation concealment (selection bias) -

Incomplete outcome data (attrition bias) [N ]
Selective reporting (reporting bias) [N B
other bias [N N

0% 25% 50% 75%  100%

B Low ris

k of bias [ ]unclear risk of bias [l High risk of bias

Figure 2. Domain-based assessments of risk of bias across studies based on the Cochrane Collaborations Handbook for

Systematic Review.

4. Discussion

This systematic review identified 57 outcomes across 24 articles in order to investigate
the effect of acute HIIT on EF and to examine whether factors grouped into three categories,
namely, EF assessment characteristics, exercise intervention characteristics, and sample
and study characteristics, affect the relationship between HIIT and EF. Specifically, we
used percentage of comparison (positive effects or null/negative effects) as an operational
definition to identify the effect of acute HIIT on EE. Overall, the results revealed that
acute HIIT generally tends to have a positive effect on EF. Moreover, they indicated
that EF assessment characteristics (i.e., components, timing of the assessment), exercise
intervention characteristics (i.e., total time) and sample characteristics (i.e., age) may all
moderate the relationship between acute HIIT and EF.

4.1. Overall Effect

Sixty-one percent (35 of 57) outcomes from our analysis suggested that acute HIIT
tends to have a positive effect on overall EF. The observed beneficial effect on EF effect of
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acute HIIT extends previous studies that utilized acute types of aerobic and resistance exer-
cises [1] as well as high-intensity exercise [19] to determine their effects on EF. Remarkably,
the results indicating the facilitation of EF following acute HIIT were provided by more
updated, comprehensive (e.g., multiple exercise modality), and objective evaluations in
this review compared to a previous systematic review [27].

The facilitation of EF possibly results from physiological alterations induced by HIIT
(e.g., heart rate, lactate, catecholamine, and blood flow alterations), which in turn lead to
an individual increasing his or her attentional sources when engaging in cognitive perfor-
mances [64,65]. Previous studies have also provided evidence indicating that acute HIIT
affects the prefrontal cortex, the brain region associated with EF, by increasing prefrontal
cortex activation and oxygenation [59,63]. Furthermore, the observed EF facilitation might
be associated with exercise-induced brain-derived neurotrophic factor (BDNF), a biomarker
associated with EF [61,66]. Specifically, a single bout of HIIT induces higher brain H,O,
and TNF-« levels [67], after which these molecules activate the signaling of peroxisome
proliferator-activated receptor-y coactivator (PGC-1«) to enhance neuron BDNF synthe-
sis [61,67]. It should be noted that these potential mechanisms have not been directly
examined in terms of their role in the relationship between acute HIIT and EF, so more
studies are needed to clarify their influence.

4.2. EF Assessment

Few studies have examined how acute HIIT affects EF from the perspectives of specific
EF components and timing of the assessment. Our review reveals that acute HIIT tends
to have positive effects on two specific components (i.e., inhibition and updating, but not
shifting) and based on the timing of the assessment (i.e., within 30 min of the exercise but
not more than 30 min after the exercise), implying that experimental variations affect the
observed effects of acute HIIT on EF.

Most of the studies included in this review focused on inhibition (n = 39), and 69%
of the outcomes indicated a positive effect of acute HIIT on EF. Inhibition is believed to
reflect the ability to inhibit automatic responses when engaged in cognitive processes and
has been observed to be positively linked to acute high-intensity exercise [68]. Given that
inhibition was assessed by the studies in our review through multiple EF tasks including
the Stroop test, the Flanker task, and the Go/No-Go task, our results suggest a positive
effect of acute HIIT on inhibition regardless of the assessment task employed.

A total of 55% of outcomes indicated a positive effect of HIIT on updating, but only
29% of outcomes showed a positive effect on shifting, implying that acute HIIT has varying
effects on specific EF components. Although updating and shifting are recognized as
aspects of core EF, the concepts and involved brain regions of these two EF components
seem to be different. Specifically, updating (also known as working memory), a capacity for
processing and restoring temporary information [69,70], is associated with the dorsolateral
prefrontal cortex of the middle frontal gyrus, while shifting (also known as cognitive
flexibility), which refers to the ability to perceive alternative explanations for occurrences
and to modify responses while overriding automatic behaviors [71], is associated with the
anterior cingulate (located at anterior and posterior regions). Our findings suggest that
acute HIIT may affect these two components differently. Notably, however, given that
the numbers of outcomes regarding updating (n = 11) and shifting (n = 7) were relatively
limited, the results should be interpreted with caution. Furthermore, it is noteworthy that
there were no studies focused on planning. Planning is believed to reflect an ability to
manage a strategy and set goals and is considered a higher-level and primary component
of EF [7]. Our results therefore call for caution in examining the specific EF components to
further our understating regarding the impacts of acute HIIT on EF.

In terms of timing of the assessment, our findings indicate that positive effects of
acute HIIT on EF were observed for assessments conducted within 30 min of the exercise
(i.e., <10 min, 11-20 min, 21-30 min) but not for assessments conducted more than 30 min
after the termination of the exercise suggest that the beneficial effects of acute HIIT on EF
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were diminished after 30 min. The finding of decreased effects on EF with longer time
following acute exercise is partially supported by a previously conducted meta-analysis [1],
in which larger positive effects on cognitive function were observed within 11 to 20 min
following acute exercise (effect size (ES) = 0.26) and smaller effects were showed after 20 min
(ES = 0.17). Indeed, Cooper, Bandelow, Nute, Dring, Stannard, Morris and Nevill [62]
hypothesized that the attenuated magnitude of the improvement of cognitive performance
at 30 min following the cessation of HIIT is likely associated with higher neuromuscular
fatigue during exercise at 95% of maximal power output. It is thus possible that the
beneficial effect on EF would be diminished along with the passing of time following the
termination of acute HIIT.

4.3. Exercise Intervention

The present review included past studies that investigated both typical exercise char-
acteristics (i.e., total time, type, and modality) and specific HIIT characteristics (i.e., rest
interval, work/recovery time ratio, and intensity) in order to examine the role of these
exercise characteristics in the relationship between acute HIIT and EF.

Acute HIIT interventions with total time between 11 and 20 min (17 of 24 outcomes,
71%) or between 21 and 30 min (13 of 20 outcomes, 65%) tended to have positive effects on
EF, but those with total time of less than 10 min or more than 30 min did not consistently
have positive effects on EF (38~40% for positive effects). These findings confirm previous
empirical studies indicating that acute exercise durations of 11 to 30 min are required
to increase EF. For example, Chang et al. [72] focused on younger adults to examine the
dose-response relationship between acute exercise duration and EF and found that acute
exercise for 30 min (i.e., 5 min warm-up, 20 min main exercise, and 5 min cool-down) has
beneficial effects on EF, whereas acute exercise for 10 min or 45 min showed negligible
effects. Their follow-up study focused on late-middle-aged adults further demonstrated
that acute exercise bouts for 30 min show more enhanced EF compared to those of less than
20 min [73]. However, given that these studies focused on acute aerobic exercise, whether
or not there is a dose-response relationship between HIIT duration and EF requires further
examination.

Interestingly, HIIT types (i.e., aerobic exercise and combined exercise) and HIIT modal-
ity (i.e., running, cycling, and boxing) favor positive effects (i.e., 58 to 69%) on EF, wherein
HIIT types (i.e., combined exercise) and HIIT modality (i.e., circuit training) show 50%
outcomes favor positive effects. Along with a study by Hsieh, Chueh, Huang, Kao, Hillman,
Chang, and Hung [27] indicating that HIIT with aerobic exercise type facilitates EF, our
review extends previous findings by suggesting that HIIT type and modality generally
have positive influences on EF.

Regarding rest interval, 70% positive outcomes for active rest (e.g., low-intensity
exercise) and 52% positive outcomes for passive rest (i.e., full rest) were observed. The
results suggest that while both rest types benefit EF, HIIT with active rest may lead to more
positive effects. Indeed, the beneficial effects of acute HIIT with active rest were observed
not only immediately after [63] but also at 60 min after acute HIIT [57]. Our review also
examined the role of work/recovery time ratios categorized into “>1" (i.e., exercise time
is greater than rest time), “<1” (i.e., rest time is greater than exercise time), and “=1"
(i.e., exercise time and rest time are equal) and observed that all the categories showed
greater positive percentages (i.e., from 54% to 64%). While Hsieh, Chueh, Huang, Kao,
Hillman, Chang, and Hung [27] have suggested that a ratio of 1 is better than other ratios
based upon a specific empirical study [57], our results from other objective evaluations
demonstrate that the work/recovery time ratio of HIIT is not a sensitive factor in terms of
the effects of HIIT on EF.

Our findings indicated that acute HIIT tends to have a positive effect on EF regardless
of its intensity (i.e., submaximal or maximal), which is in contrast with previous hypotheses,
such as the inverted-U theory [74], reticular-activation hypofrontality theory [75], and
neurochemical hypotheses [64], which suggest that acute exercise of high intensity seems
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to impair EF. It is worth noting, however, that those hypotheses were proposed based
upon aerobic exercises with continuous rhythms, which are different from HIIT containing
numerous short bouts of high-intensity exercise and rest, suggesting that the special form
of HIIT might result in different effects on EF.

4.4. Sample and Study Characteristics

Three individual sample characteristics including age, gender, and fitness level were
analyzed. We categorized age so as to present the adolescents, adults, and middle-aged to
older adults. We believe the ages would be considered as main moderators between HIIT
and EF. Greater percentages of positive effects were found, for both populations under
18 years of age, and between 19 to 40 years of age (i.e., 54% and 68%, respectively), but
not for those of more than 40 years of age (i.e., 25%). However, these results should be
interpreted with caution, because the number of studies focusing on individuals older than
40 years was limited (n = 4), and none of the selected studies targeted older adults. The
limited numbers of such studies may be linked to HIIT features, namely, the high-intensity
and quick rthythm of HIIT, which raise safety issues and are a major exercise barrier for
its (more) widespread implementation, particularly among older individuals [76]. Clearly,
optimal HIIT in terms of duration, intensity, type, and modality, must be considered for
middle-aged or older populations.

The results for all genders (i.e., >50% male, <50% male) and fitness levels (i.e., fit,
sedentary) showed greater percentages of positive effect, with males and individuals
with fit status showing higher positive percentages (62 to 67%). These findings suggest
that acute HIIT might have both general and specific effects on EF in terms of these two
individual characteristics.

Study characteristics were categorized into two dimensions (i.e., study design and
comparator). More studies (1 = 38) employed within-subject designs than between-subject
designs (n = 19), which was consistent with previous studies regarding the effects of acute
exercise on cognitive function indicating that cross-over designs are typical employed [1].
Although within-subject designs showed greater percentages of positive effects (i.e., 66%)
compared to between-subject designs (i.e., 53%), the results of within-subject and between-
subject study designs should be interpreted differently, given that a within-subject design
has more power but potentially suffers from confounds, while a between-subject design is
more conservative but has limitations in some cases [77]. We therefore suggest the choice
of design should be further considered. Lastly, we also included both active and passive
controls to confirm whether the observed effects of acute HIIT on EF were affected by
comparator, and the results indicated that passive control is showed more effects on EF
(62%) compared to active control (50%). This finding is important because it indicates
that acute HIIT tends to have positive effects regardless of the comparator. However,
further studies are needed to replicate these findings because only a small number of active
controls were utilized (n = 2).

4.5. Strength and Limitations

This was first systematic review to have examined the effects of HIIT on EF with
consideration of multiple factors, as well as considering evaluations by using objective
approaches; however, it also had some limitations. The first was the small number of
studies included overall. HIIT is a relatively new exercise modality and was initially
utilized mainly to improve athletic performance [78]. Most studies of HIIT have thus
focused on its effects on physical health [4,79], while the examination of its effects on mental
health, including cognitive function, began relatively recently, which limited the number
of studies included in this review. Additionally, for fully understanding the research
issue, unpublished articles could be further considered, in order to reduce publication
bias (e.g., file drawer problem). Secondly, only a few studies were judged as low risk,
and the associated methodological restrictions increased the possibility that the results
were swayed by confounding variables, meaning that caution should be used in drawing
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any conclusions. Furthermore, we excluded several studies (1 = 11) because the details of
HIIT intervention (e.g., work/recovery time, intensity) were missing. Future studies are
suggested in order to provide competed information about HIIT intervention. Lastly, while
the percentages of positive verses negative effects provide a relatively objective means
for evaluating the results, statistical analysis of effect sizes, obtained via meta-analysis,
provides more precise conclusions, and therefore is suggested for use in future studies.

5. Conclusions

The current systematic review indicated that the majority of HIIT analyses indicated
positive effects of HIIT on EF, and that the beneficial effects on EF associated with acute
HIIT occurred regardless of exercise type, modality, rest interval, work/recovery time ratio,
intensity, gender, fitness level, and comparator, with various EF assessment characteristics
(i.e., components, timing of the assessment), exercise intervention characteristics (i.e., total
time), and sample characteristics (i.e., age) potentially moderating the observed relationship
between acute HIIT and EF. We believe our findings have important applications for
enhancing the effects of acute HIIT on EF, especially for those seeking time-efficient designs
of HIIT interventions to immediately facilitate EF.

Author Contributions: Y.-K.C.,S.-S.H., J.-Y.A,, and F-T.C. contributed to the conception of the work.
Y-K.C,S-SH,J-YA, FE-T.C,S.-CK, T-M.H.,, and A.-G.C. contributed to the design of the work.
J-Y.A, F-T.C, and Y.-K.C. conducted the literature search, selection, data extraction, and analysis.
J-Y.A, S.-CK,, T.-M.H,, and A.-G.C. conducted the assessment of study quality. ].-Y.A., Y.-K.C., and
S.-S.H. wrote the first draft of the manuscript with support from A.-G.C. All authors contributed
to the manuscript revisions and agreed with final approval of the version. All authors ensured the
accuracy of research. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by part of a grant from Ministry of Science and Technology in
Taiwan (MOST 107-2628-H-003-003-MY3) and National Taiwan Normal University from the Higher
Education Sprout Project by the Ministry of Education (MOE) in Taiwan to Y.-K.C. This research was
supported partly by grants received by A.-G.C. from the National Natural Science Foundation of
China (31771243).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All datasets generated for this research are included in this pub-
lished article.

Conflicts of Interest: The authors no conflict of interest.

References

1.  Chang, YK Labban, J.D.; Gapin, J.I; Etnier, ].L. The effects of acute exercise on cognitive performance: A meta-analysis. Brain
Res. 2012, 1453, 87-101. [CrossRef] [PubMed]

2. Loprinzi, P.D.; Blough, J.; Crawford, L.; Ryu, S.; Zou, L.; Li, H. The Temporal Effects of Acute Exercise on Episodic Memory
Function: Systematic Review with Meta-Analysis. Brain Sci. 2019, 9, 87. [CrossRef] [PubMed]

3. Pindus, D.M.; Drollette, E.S.; Raine, L.B.; Kao, S.C.; Khan, N.; Westfall, D.R.; Hamill, M.; Shorin, R.; Calobrisi, E.; John, D.; et al.
Moving fast, thinking fast: The relations of physical activity levels and bouts to neuroelectric indices of inhibitory control in
preadolescents. J. Sport Health Sci. 2019, 8, 301-314. [CrossRef] [PubMed]

4. Piercy, K.L,; Troiano, R.P,; Ballard, R.M.; Carlson, S.A.; Fulton, ].E.; Galuska, D.A.; George, S.M.; Olson, R.D. The physical activity
guidelines for Americans. JAMA 2018, 320, 2020-2028. [CrossRef]

5. Bento-Torres, J.; Bento-Torres, N.V.O,; Stillman, C.M.; Grove, G.A ].; Huang, H.; Uyar, E; Watt, ].C.; Wollam, M.E.; Erickson, K.I.
Associations between cardiorespiratory fitness, physical activity, intraindividual variability in behavior, and cingulate cortex in
younger adults. J. Sport Health Sci. 2019, 8, 315-324. [CrossRef]

6.  Audiffren, M.; André, N. The exercise-cognition relationship: A virtuous circle. J. Sport Health Sci. 2019, 8, 339-347. [CrossRef]
[PubMed]

7. Diamond, A. Executive functions. Annu. Rev. Psychol. 2013, 64, 135-168. [CrossRef]

8. Chen, ET,; Chan, KH.; Feng, S.H.; Wy, T.Y,; Kao, S.C.; Chang, Y.K. New perspective: Effect of exercise and nutritional supplements

on cognitive function in older adults. Phys. Educ. . 2019, 52, 1-15. [CrossRef]


http://doi.org/10.1016/j.brainres.2012.02.068
http://www.ncbi.nlm.nih.gov/pubmed/22480735
http://doi.org/10.3390/brainsci9040087
http://www.ncbi.nlm.nih.gov/pubmed/31003491
http://doi.org/10.1016/j.jshs.2019.02.003
http://www.ncbi.nlm.nih.gov/pubmed/31333883
http://doi.org/10.1001/jama.2018.14854
http://doi.org/10.1016/j.jshs.2019.03.004
http://doi.org/10.1016/j.jshs.2019.03.001
http://www.ncbi.nlm.nih.gov/pubmed/31333886
http://doi.org/10.1146/annurev-psych-113011-143750
http://doi.org/10.3966/10247297201903520S001

Int. J. Environ. Res. Public Health 2021, 18, 3593 15 0f 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Chang, Y.K.; Chen, ET.; Kuan, G.; Wei, G.X.; Chu, C.H.; Yan, J.; Chen, A.G.; Hung, T.M. Effects of acute exercise duration on the
inhibition aspect of executive function in late middle-aged adults. Front. Aging Neurosci. 2019, 11, 227. [CrossRef] [PubMed]
Peiffer, R.; Darby, L.A.; Fullenkamp, A.; Morgan, A.L. Effects of acute aerobic exercise on executive function in older women. .
Sports Sci. Med. 2015, 14, 574-583. [PubMed]

Tsukamoto, H.; Takenaka, S.; Suga, T.; Tanaka, D.; Takeuchi, T.;, Hamaoka, T.; Isaka, T.; Hashimoto, T. Impact of exercise intensity
and duration on postexercise executive function. Med. Sci. Sports Exerc. 2017, 49, 774-784. [CrossRef] [PubMed]

Wu, C.H.; Karageorghis, C.I.; Wang, C.C.; Chu, C.H.; Kao, S.C.; Hung, T.M.; Chang, Y.K. Effects of acute aerobic and resistance
exercise on executive function: An ERP study. J. Sci. Med. Sport 2019, 22, 1367-1372. [CrossRef]

Chu, C.H.; Kramer, A.F,; Song, T.F; Wu, C.H.; Hung, TM.; Chang, Y.K. Acute exercise and neurocognitive development in
preadolescents and young adults: An ERP study. Neural Plast. 2017, 2017, 2631909. [CrossRef] [PubMed]

Chang, YK,; Alderman, B.L.; Chu, C.H.; Wang, C.C.; Song, T.F.; Chen, ET. Acute exercise has a general facilitative effect on
cognitive function: A combined ERP temporal dynamics and BDNF study. Psychophysiology 2017, 54, 289-300. [CrossRef]
Mehren, A.; Diaz Luque, C.; Brandes, M.; Lam, A.P; Thiel, C.M.; Philipsen, A.; Ozyurt, J. Intensity-dependent effects of acute
exercise on executive function. Neural Plast. 2019, 2019, 8608317. [CrossRef] [PubMed]

Li, L.; Men, WW.,; Chang, YK,; Fan, M.X; Li, L.; Wei, G.X. Acute aerobic exercise increases cortical activity during working
memory: A functional MRI study in female college students. PLoS ONE 2014, 9, €99222. [CrossRef] [PubMed]

Ludyga, S.; Gerber, M.; Brand, S.; Holsboer-Trachsler, E.; Piihse, U. Acute effects of moderate aerobic exercise on specific aspects
of executive function in different age and fitness groups: A meta-analysis. Psychophysiology 2016, 53, 1611-1626. [CrossRef]
[PubMed]

Li, J.W,; O’Connor, H.; O'Dwyer, N.; Orr, R. The effect of acute and chronic exercise on cognitive function and academic
performance in adolescents: A systematic review. J. Sci. Med. Sport 2017, 20, 841-848. [CrossRef] [PubMed]

Moreau, D.; Chou, E. The acute effect of high-intensity exercise on executive function: A meta-analysis. Perspect. Psychol. Sci.
2019, 14, 734-764. [CrossRef] [PubMed]

Norton, K.; Norton, L.; Sadgrove, D. Position statement on physical activity and exercise intensity terminology. J. Sci. Med. Sport
2010, 13, 496-502. [CrossRef] [PubMed]

Gibala, M.]; Little, ].P.; Macdonald, M.].; Hawley, ].A. Physiological adaptations to low-volume, high-intensity interval training
in health and disease. J. Physiol. 2012, 590, 1077-1084. [CrossRef] [PubMed]

Gray, S.R.; Ferguson, C.; Birch, K,; Forrest, L.J.; Gill, ]. M. High-intensity interval training: Key data needed to bridge the gap from
laboratory to public health policy. Br. |. Sports Med. 2016, 50, 1231-1232. [CrossRef]

Costa, E.C; Hay, ].L.; Kehler, D.S.; Boreskie, K.F.,; Arora, R.C.; Umpierre, D.; Szwajcer, A.; Duhamel, T.A. Effects of high-intensity
interval training versus moderate-intensity continuous training on blood pressure in adults with pre-to established hypertension:
A systematic review and meta-analysis of randomized trials. Sports Med. 2018, 48, 2127-2142. [CrossRef] [PubMed]

Costigan, S.A.; Eather, N.; Plotnikoff, R.C.; Taaffe, D.R.; Lubans, D.R. High-intensity interval training for improving health-related
fitness in adolescents: A systematic review and meta-analysis. Br. J. Sports Med. 2015, 49, 1253-1261. [CrossRef] [PubMed]
Gibala, M.].; Gillen, ].B.; Percival, M.E. Physiological and health-related adaptations to low-volume interval training: Influences
of nutrition and sex. Sports Med. 2014, 44 (Suppl. 2), S127-S137. [CrossRef]

Batacan, R.B.; Duncan, M.].; Dalbo, VJ.; Tucker, PS.; Fenning, A.S. Effects of high-intensity interval training on cardiometabolic
health: A systematic review and meta-analysis of intervention studies. Br. J. Sports Med. 2017, 51, 494-503. [CrossRef]

Hsieh, S.S.; Chueh, T.Y.; Huang, C.J.; Kao, S.C.; Hillman, C.H.; Chang, Y.K.; Hung, T.M. Systematic review of the acute and
chronic effects of high-intensity interval training on executive function across the lifespan. J. Sports Sci. 2020, 39, 10-22. [CrossRef]
[PubMed]

Cooper, S.B.; Dring, K.J.; Nevill, M.E. High-Intensity Intermittent Exercise: Effect on Young People’s Cardiometabolic Health and
Cognition. Curr. Sports Med. Rep. 2016, 15, 245-251. [CrossRef]

Costigan, S.A.; Eather, N.; Plotnikoff, R.C.; Hillman, C.H.; Lubans, D.R. High-intensity interval training for cognitive and mental
health in adolescents. Med. Sci. Sports Exerc. 2016, 48, 1985-1993. [CrossRef]

Chang, Y.K,; Erickson, K.I.; Stamatakis, E.; Hung, T.M. How the 2018 US physical activity guidelines are a call to promote and
better understand acute physical activity for cognitive function gains. Sports Med. 2019, 49, 1625-1627. [CrossRef]
Alvarez-Bueno, C.; Pesce, C.; Cavero-Redondo, L; Sénchez-Lopez, M.; Martinez-Hortelano, J.A.; Martinez-Vizcaino, V. The effect
of physical activity interventions on children’s cognition and metacognition: A systematic review and meta-analysis. ]. Am. Acad.
Child. Adolesc. Psychiatry 2017, 56, 729-738. [CrossRef] [PubMed]

Browne, S.E.; Flynn, M.].; O’Neill, B.V.; Howatson, G.; Bell, P.G.; Haskell-Ramsay, C.E. Effects of acute high-intensity exercise on
cognitive performance in trained individuals: A systematic review. Prog. Brain Res. 2017, 234, 161-187. [CrossRef] [PubMed]
Lambourne, K.; Tomporowski, P. The effect of exercise-induced arousal on cognitive task performance: A meta-regression
analysis. Brain Res. 2010, 1341, 12-24. [CrossRef] [PubMed]

Etnier, J.L.; Chang, Y.K. Exercise, cognitive function, and the brain: Advancing our understanding of complex relationships. J.
Sport Health Sci. 2019, 8, 299-300. [CrossRef] [PubMed]

Chen, ET,; Etnier, J.L.; Chan, K.H.; Chiu, PK.; Hung, T.M.; Chang, Y.K. Effects of exercise training interventions on executive
function in older adults: A systematic review and meta-analysis. Sports Med. 2020, 50, 1451-1467. [CrossRef]


http://doi.org/10.3389/fnagi.2019.00227
http://www.ncbi.nlm.nih.gov/pubmed/31551753
http://www.ncbi.nlm.nih.gov/pubmed/26336345
http://doi.org/10.1249/MSS.0000000000001155
http://www.ncbi.nlm.nih.gov/pubmed/27846044
http://doi.org/10.1016/j.jsams.2019.07.009
http://doi.org/10.1155/2017/2631909
http://www.ncbi.nlm.nih.gov/pubmed/29147585
http://doi.org/10.1111/psyp.12784
http://doi.org/10.1155/2019/8608317
http://www.ncbi.nlm.nih.gov/pubmed/31281346
http://doi.org/10.1371/journal.pone.0099222
http://www.ncbi.nlm.nih.gov/pubmed/24911975
http://doi.org/10.1111/psyp.12736
http://www.ncbi.nlm.nih.gov/pubmed/27556572
http://doi.org/10.1016/j.jsams.2016.11.025
http://www.ncbi.nlm.nih.gov/pubmed/28185806
http://doi.org/10.1177/1745691619850568
http://www.ncbi.nlm.nih.gov/pubmed/31365839
http://doi.org/10.1016/j.jsams.2009.09.008
http://www.ncbi.nlm.nih.gov/pubmed/20005170
http://doi.org/10.1113/jphysiol.2011.224725
http://www.ncbi.nlm.nih.gov/pubmed/22289907
http://doi.org/10.1136/bjsports-2015-095705
http://doi.org/10.1007/s40279-018-0944-y
http://www.ncbi.nlm.nih.gov/pubmed/29949110
http://doi.org/10.1136/bjsports-2014-094490
http://www.ncbi.nlm.nih.gov/pubmed/26089322
http://doi.org/10.1007/s40279-014-0259-6
http://doi.org/10.1136/bjsports-2015-095841
http://doi.org/10.1080/02640414.2020.1803630
http://www.ncbi.nlm.nih.gov/pubmed/32780634
http://doi.org/10.1249/JSR.0000000000000273
http://doi.org/10.1249/MSS.0000000000000993
http://doi.org/10.1007/s40279-019-01190-x
http://doi.org/10.1016/j.jaac.2017.06.012
http://www.ncbi.nlm.nih.gov/pubmed/28838577
http://doi.org/10.1016/bs.pbr.2017.06.003
http://www.ncbi.nlm.nih.gov/pubmed/29031462
http://doi.org/10.1016/j.brainres.2010.03.091
http://www.ncbi.nlm.nih.gov/pubmed/20381468
http://doi.org/10.1016/j.jshs.2019.03.008
http://www.ncbi.nlm.nih.gov/pubmed/31333882
http://doi.org/10.1007/s40279-020-01292-x

Int. J. Environ. Res. Public Health 2021, 18, 3593 16 of 17

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Liberati, A.; Altman, D.G.; Tetzlaff, ].; Mulrow, C.; Getzsche, P.C.; Ioannidis, ].P; Clarke, M.; Devereaux, PJ.; Kleijnen, J.; Moher, D.
The PRISMA statement for reporting systematic reviews and meta-analyses of studies that evaluate healthcare interventions:
Explanation and elaboration. BM]J 2009, 339, b2700. [CrossRef] [PubMed]

Mobher, D.; Liberati, A.; Tetzlaff, J.; Altman, D.G. Preferred reporting items for systematic reviews and meta-analyses: The PRISMA
statement. Ann. Intern. Med. 2009, 151, 264-269. [CrossRef] [PubMed]

Higgins, ].P.; Thomas, J.; Chandler, J.; Cumpston, M.; Li, T.; Page, M.].; Welch, V.A. Cochrane Handbook for Systematic Reviews of
Interventions; John Wiley & Sons: Hoboken, NJ, USA, 2019.

Liu, S;; Yu, Q.; Li, Z.; Cunha, PM.; Zhang, Y.; Kong, Z.; Lin, W.; Chen, S.; Cai, Y. Effects of Acute and Chronic Exercises on
Executive Function in Children and Adolescents: A Systemic Review and Meta-Analysis. Front. Psychol. 2020, 11, 554915.
[CrossRef]

Alves, C.R.R; Tessaro, V.H.; Teixeira, L.A.C.; Murakava, K.; Roschel, H.; Gualano, B.; Takito, M.Y. Influence of acute high-intensity
aerobic interval exercise bout on selective attention and short-term memory tasks. Percept. Mot. Skills 2014, 118, 63-72. [CrossRef]
[PubMed]

Xie, C.; Alderman, B.L.; Meng, E; Ai, J.; Chang, YK; Li, A. Acute high-intensity interval exercise improves inhibitory control
among young adult males with obesity. Front. Psychol. 2020, 11, 1291. [CrossRef] [PubMed]

Sun, S.; Loprinzi, P.D.; Guan, H.; Zou, L.; Kong, Z.; Hu, Y.; Shi, Q.; Nie, J. The effects of high-intensity interval exercise and
hypoxia on cognition in sedentary young adults. Medicina 2019, 55, 43. [CrossRef]

Quintero, A.P,; Bonilla-Vargas, K.J.; Correa-Bautista, ].E.; Dominguez-Sanchéz, M.A.; Triana-Reina, H.R.; Velasco-Orjuela, G.P;
Garcia-Hermoso, A.; Villa-Gonzalez, E.; Esteban-Cornejo, I.; Correa-Rodriguez, M.; et al. Acute effect of three different exercise
training modalities on executive function in overweight inactive men: A secondary analysis of the BrainFit study. Physiol. Behav.
2018, 197, 22-28. [CrossRef] [PubMed]

Dupuy, O,; Billaut, F.; Raymond, E; Benraiss, A.; Theurot, D.; Bosquet, L.; Fraser, S.; Tremblay, J. Effect of acute intermittent
exercise on cognitive flexibility: The role of exercise intensity. J. Cogn. Enhanc. 2018, 2, 146-156. [CrossRef]

Schwarck, S.; Schmicker, M.; Dordevic, M.; Rehfeld, K.; Miiller, N.; Miiller, P. Inter-individual differences in cognitive response to
a single bout of physical exercise—A randomized controlled cross-over study. J. Clin. Med. 2019, 8, 1101. [CrossRef] [PubMed]
Wilke, J. Functional high-intensity exercise is more effective in acutely increasing working memory than aerobic walking: An
exploratory randomized, controlled trial. Sci. Rep. 2020, 10, 1-7. [CrossRef]

Burin, D.; Liu, Y.; Yamaya, N.; Kawashima, R. Virtual training leads to physical, cognitive and neural benefits in healthy adults.
Neuroimage 2020, 222, 117297. [CrossRef] [PubMed]

Hashimoto, T.; Tsukamoto, H.; Takenaka, S.; Olesen, N.D.; Petersen, L.G.; Serensen, H.; Nielsen, H.B.; Secher, N.H.; Ogoh,
S. Maintained exercise-enhanced brain executive function related to cerebral lactate metabolism in men. FASEB J. 2018, 32,
1417-1427. [CrossRef]

Kujach, S.; Byun, K.; Hyodo, K.; Suwabe, K.; Fukuie, T.; Laskowski, R.; Dan, I.; Soya, H. A transferable high-intensity intermittent
exercise improves executive performance in association with dorsolateral prefrontal activation in young adults. Neuroimage 2018,
169, 117-125. [CrossRef] [PubMed]

Kujach, S.; Olek, R.A.; Byun, K.; Suwabe, K; Sitek, E.J.; Ziemann, E.; Laskowski, R.; Soya, H. Acute sprint interval exercise
increases both cognitive functions and peripheral neurotrophic factors in humans: The possible involvement of lactate. Front.
Neurosci. 2020, 13, 1455. [CrossRef] [PubMed]

Tsukamoto, H.; Suga, T.; Takenaka, S.; Tanaka, D.; Takeuchi, T.; Hamaoka, T.; Isaka, T.; Hashimoto, T. Greater impact of acute
high-intensity interval exercise on post-exercise executive function compared to moderate-intensity continuous exercise. Physiol.
Behav. 2016, 155, 224-230. [CrossRef]

Chang, H.; Kim, K,; Jung, Y.J.; Kato, M. Effects of acute high-Intensity resistance exercise on cognitive function and oxygenation
in prefrontal cortex. J. Exerc. Nutr. Biochem. 2017, 21, 1-8. [CrossRef]

Solianik, R.; BruZzas, V.; Mockus, P.; Vadopalas, K.; Streckis, V. Acute effects of high-intensity interval training on cognition and
retinal microcirculation in experienced amateur boxers. J. Sports Med. Phys. Fit. 2020. [CrossRef]

Ligeza, T.S.; Maciejczyk, M.; Katamata, P.; Szygula, Z.; Wyczesany, M. Moderate-intensity exercise boosts the N2 neural inhibition
marker: A randomized and counterbalanced ERP study with precisely controlled exercise intensity. Biol. Psychol. 2018, 135,
170-179. [CrossRef] [PubMed]

Gmiat, A.; Micielska, K.; Koztowska, M.; Flis, D.J.; Smaruj, M.; Kujach, S.; Jaworska, J.; Lipifiska, P.; Ziemann, E. The impact of a
single bout of high intensity circuit training on myokines’ concentrations and cognitive functions in women of different age.
Physiol. Behav. 2017, 179, 290-297. [CrossRef] [PubMed]

Martinez-Diaz, 1.C.; Escobar-Muifioz, M.C.; Carrasco, L. Acute effects of high-intensity interval training on brain-derived
neurotrophic factor, cortisol and working memory in physical education college students. Int. J. Environ. Res. Public Health 2020,
17,8216. [CrossRef] [PubMed]

Ludyga, S.; Piihse, U.; Lucchi, S.; Marti, J.; Gerber, M. Inmediate and sustained effects of intermittent exercise on inhibitory
control and task-related heart rate variability in adolescents. J. Sci. Med. Sport 2019, 22, 96-100. [CrossRef] [PubMed]

Kao, S.C.; Drollette, E.S.; Ritondale, J.P.; Khan, N.; Hillman, C.H. The acute effects of high-intensity interval training and
moderate-intensity continuous exercise on declarative memory and inhibitory control. Psychol. Sport Exerc. 2018, 38, 90-99.
[CrossRef]


http://doi.org/10.1136/bmj.b2700
http://www.ncbi.nlm.nih.gov/pubmed/19622552
http://doi.org/10.7326/0003-4819-151-4-200908180-00135
http://www.ncbi.nlm.nih.gov/pubmed/19622511
http://doi.org/10.3389/fpsyg.2020.554915
http://doi.org/10.2466/22.06.PMS.118k10w4
http://www.ncbi.nlm.nih.gov/pubmed/24724513
http://doi.org/10.3389/fpsyg.2020.01291
http://www.ncbi.nlm.nih.gov/pubmed/32670154
http://doi.org/10.3390/medicina55020043
http://doi.org/10.1016/j.physbeh.2018.09.010
http://www.ncbi.nlm.nih.gov/pubmed/30248301
http://doi.org/10.1007/s41465-018-0078-z
http://doi.org/10.3390/jcm8081101
http://www.ncbi.nlm.nih.gov/pubmed/31349593
http://doi.org/10.1038/s41598-020-69139-z
http://doi.org/10.1016/j.neuroimage.2020.117297
http://www.ncbi.nlm.nih.gov/pubmed/32828927
http://doi.org/10.1096/fj.201700381RR
http://doi.org/10.1016/j.neuroimage.2017.12.003
http://www.ncbi.nlm.nih.gov/pubmed/29203453
http://doi.org/10.3389/fnins.2019.01455
http://www.ncbi.nlm.nih.gov/pubmed/32038149
http://doi.org/10.1016/j.physbeh.2015.12.021
http://doi.org/10.20463/jenb.2017.0012
http://doi.org/10.23736/s0022-4707.20.11352-5
http://doi.org/10.1016/j.biopsycho.2018.04.003
http://www.ncbi.nlm.nih.gov/pubmed/29665432
http://doi.org/10.1016/j.physbeh.2017.07.004
http://www.ncbi.nlm.nih.gov/pubmed/28687176
http://doi.org/10.3390/ijerph17218216
http://www.ncbi.nlm.nih.gov/pubmed/33172145
http://doi.org/10.1016/j.jsams.2018.05.027
http://www.ncbi.nlm.nih.gov/pubmed/29886135
http://doi.org/10.1016/j.psychsport.2018.05.011

Int. J. Environ. Res. Public Health 2021, 18, 3593 17 of 17

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.
79.

Kao, 5.C.; Westfall, D.R.; Soneson, J.; Gurd, B.; Hillman, C.H. Comparison of the acute effects of high-intensity interval training
and continuous aerobic walking on inhibitory control. Psychophysiology 2017, 54, 1335-1345. [CrossRef] [PubMed]

Miller, M.G.; Hanson, N.; Tennyck, J.; Plantz, K. A comparison of high-intensity interval training (HIIT) volumes on cognitive
performance. . Cogn. Enhanc. 2019, 3, 168-173. [CrossRef]

Slusher, A.L.; Patterson, V.T.; Schwartz, C.S.; Acevedo, E.O. Impact of high intensity interval exercise on executive function and
brain derived neurotrophic factor in healthy college aged males. Physiol. Behav. 2018, 191, 116-122. [CrossRef]

Cooper, S.B.; Bandelow, S.; Nute, M.L.; Dring, K.J.; Stannard, R.L.; Morris, ].G.; Nevill, M.E. Sprint-based exercise and cognitive
function in adolescents. Prev. Med. Rep. 2016, 4, 155-161. [CrossRef] [PubMed]

Lambrick, D.; Stoner, L.; Grigg, R.; Faulkner, ]. Effects of continuous and intermittent exercise on executive function in children
aged 8-10 years. Psychophysiology 2016, 53, 1335-1342. [CrossRef]

McMorris, T. History of research into the acute exercise—cognition interaction: A cognitive psychology approach. In Exercise-
cognition Interaction: Neuroscience Perspectives; Elsevier Academic Press: Amsterdam, The Netherlands, 2016.

McMorris, T.; Tallon, M.; Williams, C.; Sproule, J.; Draper, S.; Swain, J.; Potter, J.; Clayton, N. Incremental exercise, plasma
concentrations of catecholamines, reaction time, and motor time during performance of a noncompatible choice response time
task. Percept. Mot. Skills 2003, 97, 590-604. [CrossRef] [PubMed]

Yang, J.L.; Lin, Y.T.; Chuang, P.C.; Bohr, V.A.; Mattson, M.P. BDNF and exercise enhance neuronal DNA repair by stimulating
CREB-mediated production of apurinic/apyrimidinic endonuclease 1. Neuromol. Med. 2014, 16, 161-174. [CrossRef] [PubMed]
Saucedo Marquez, C.M.; Vanaudenaerde, B.; Troosters, T.; Wenderoth, N. High-intensity interval training evokes larger serum
BDNF levels compared with intense continuous exercise. J. Appl. Physiol. 2015, 119, 1363-1373. [CrossRef] [PubMed]

Oberste, M.; Javelle, F.; Sharma, S.; Joisten, N.; Walzik, D.; Bloch, W.; Zimmer, P. Effects and moderators of acute aerobic exercise
on subsequent interference control: A systematic review and meta-analysis running title: Acute exercise and interference control.
Front. Psychol. 2019, 10, 2616. [CrossRef]

Van der Linden, M.; Brédart, S.; Beerten, A. Age-related differences in updating working memory. Br. J. Psychol. 1994, 85, 145-152.
[CrossRef]

Eldreth, D.A.; Patterson, M.D.; Porcelli, A.].; Biswal, B.B.; Rebbechi, D.; Rypma, B. Evidence for multiple manipulation processes
in prefrontal cortex. Brain Res. 2006, 1123, 145-156. [CrossRef] [PubMed]

Friederich, H.C.; Herzog, W. Cognitive-behavioral flexibility in anorexia nervosa. In Behavioral Neurobiology of Eating Disorders;
Springer: Berlin/Heidelberg, Germany, 2010; pp. 111-123.

Chang, YK.; Chu, C.H.; Wang, C.C.; Wang, Y.C.; Song, T.E,; Tsai, C.L.; Etnier, ].L. Dose-response relation between exercise duration
and cognition. Med. Sci. Sports Exerc. 2015, 47, 159-165. [CrossRef] [PubMed]

Chen, ET,; Etnier, ].L.; Wu, C.H.; Cho, YM.; Hung, TM.; Chang, Y.K. Dose-response relationship between exercise duration and
executive function in older adults. J. Clin. Med. 2018, 7, 279. [CrossRef] [PubMed]

Yerkes, R.M.; Dodson, J.D. The relation of strength of stimulus to rapidity of habit-formation. J. Comp. Neur. 1908, 18, 459-482.
[CrossRef]

Dietrich, A.; Audiffren, M. The reticular-activating hypofrontality (RAH) model of acute exercise. Neurosci. Biobehav. Rev. 2011,
35, 1305-1325. [CrossRef] [PubMed]

Calverley, T.A.; Ogoh, S.; Marley, C.J.; Steggall, M.; Marchi, N.; Brassard, P.; Lucas, S.J.E.; Cotter, ].D.; Roig, M.; Ainslie, PN.
HIITing the brain with exercise: Mechanisms, consequences and practical recommendations. . Physiol. 2020, 598, 2513-2530.
[CrossRef] [PubMed]

Charness, G.; Gneezy, U.; Kuhn, M.A. Experimental methods: Between-subject and within-subject design. J. Econ. Behav. Organ.
2012, 81, 1-8. [CrossRef]

Bishop, N.A.; Lu, T.; Yankner, B.A. Neural mechanisms of ageing and cognitive decline. Nature 2010, 464, 529-535. [CrossRef]
Martland, R.; Mondelli, V.; Gaughran, F.; Stubbs, B. Can high-intensity interval training improve physical and mental health
outcomes? A meta-review of 33 systematic reviews across the lifespan. J. Sports Sci. 2020, 38, 430—469. [CrossRef] [PubMed]


http://doi.org/10.1111/psyp.12889
http://www.ncbi.nlm.nih.gov/pubmed/28480961
http://doi.org/10.1007/s41465-018-0107-y
http://doi.org/10.1016/j.physbeh.2018.04.018
http://doi.org/10.1016/j.pmedr.2016.06.004
http://www.ncbi.nlm.nih.gov/pubmed/27413677
http://doi.org/10.1111/psyp.12688
http://doi.org/10.2466/pms.2003.97.2.590
http://www.ncbi.nlm.nih.gov/pubmed/14620248
http://doi.org/10.1007/s12017-013-8270-x
http://www.ncbi.nlm.nih.gov/pubmed/24114393
http://doi.org/10.1152/japplphysiol.00126.2015
http://www.ncbi.nlm.nih.gov/pubmed/26472862
http://doi.org/10.3389/fpsyg.2019.02616
http://doi.org/10.1111/j.2044-8295.1994.tb02514.x
http://doi.org/10.1016/j.brainres.2006.07.129
http://www.ncbi.nlm.nih.gov/pubmed/17070786
http://doi.org/10.1249/MSS.0000000000000383
http://www.ncbi.nlm.nih.gov/pubmed/24870572
http://doi.org/10.3390/jcm7090279
http://www.ncbi.nlm.nih.gov/pubmed/30217031
http://doi.org/10.1002/cne.920180503
http://doi.org/10.1016/j.neubiorev.2011.02.001
http://www.ncbi.nlm.nih.gov/pubmed/21315758
http://doi.org/10.1113/JP275021
http://www.ncbi.nlm.nih.gov/pubmed/32347544
http://doi.org/10.1016/j.jebo.2011.08.009
http://doi.org/10.1038/nature08983
http://doi.org/10.1080/02640414.2019.1706829
http://www.ncbi.nlm.nih.gov/pubmed/31889469

	Introduction 
	Methods 
	Search Strategy 
	Selection Criteria 
	Quality Assessment 
	Data Extraction 

	Results 
	Search Results and Overall EF 
	EF Assessment 
	Exercise Intervention 
	Sample and Study Characteristics 
	Quality Assessment 

	Discussion 
	Overall Effect 
	EF Assessment 
	Exercise Intervention 
	Sample and Study Characteristics 
	Strength and Limitations 

	Conclusions 
	References

