‘," frontiers
in Psychology

ORIGINAL RESEARCH
published: 15 February 2022
doi: 10.3389/fpsyg.2022.766679

OPEN ACCESS

Edited by:
Juan Pedro Fuentes,
University of Extremadura, Spain

Reviewed by:

James Navalta,

University of Nevada,

Las Vegas, United States
Matthew Heath,

Western University, Canada

*Correspondence:
Fanghui Qiu
qfhpsy@163.com

Specialty section:

This article was submitted to
Movement Science and Sport
Psychology,

a section of the journal
Frontiers in Psychology

Received: 29 August 2021
Accepted: 27 January 2022
Published: 15 February 2022

Citation:

Mou H, Tian S, Fang Q and

Qiu F (2022) The Immediate and
Sustained Effects of Moderate-
Intensity Continuous Exercise and
High-Intensity Interval Exercise on
Working Memory.

Front. Psychol. 13:766679.

doi: 10.3389/fpsyg.2022.766679

Check for
updates

The Immediate and Sustained Effects
of Moderate-Intensity Continuous
Exercise and High-Intensity Interval
Exercise on Working Memory
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Department of Physical Education, Qingdao University, Qingdao, China

This study investigated the immediate and delayed effects of moderate-intensity continuous
exercise (MICE) and high-intensity interval exercise (HIIE) on working memory. Fifty healthy
young adults (mean age=19.96 + 1.03years) engaged in (1) a MICE session, 20min of
continuous running on a treadmill at an intensity of 40-59% of heart rate reserve (HRR);
(2) a HIIE session, 10 sets of 1 min running at an intensity of 90% HRR, interspersed by
1min self-paced walking at 50% HRR; and (3) a control session, resting in a chair and
reading books for 24 min. A spatial 2-back task was performed to assess working memory
before, immediately after and 30 min after each intervention. Reaction time in the 2-back
task was significantly reduced immediately after both MICE and HIIE interventions. The
enhanced working memory associated with HIIE sustained for 30 min after the exercise,
whereas the beneficial effects associated with MICE returned to the pre-exercise level at
30min after the exercise. These results suggest that although both MICE and HIIE enhance
working memory in young adults, the positive effect sustains longer in HIIE than that in
MICE. The current study extends the existing knowledge base by suggesting that
improvements in working memory with HIIE last longer than with MICE.

Keywords: acute exercise, cognitive function, working memory, 2-back task, time course

INTRODUCTION

Working memory refers to the ability to actively store and manipulate task-relevant information
in a short period of time, which is a core component of executive function (Baddeley, 2010;
Diamond, 2013). Working memory is essential in achieving academic success and solving
complex cognitive tasks in daily life (Kao et al., 2017a). Evidence has shown that acute exercise
produces transient improvement in working memory (Hussey et al., 2020; Liu et al., 2020;
Olivo et al., 2021). Previous studies used a single bout of moderate-intensity continuous exercise
(MICE), a traditional exercise, as an intervention program to explore the relation between
exercise and working memory. Significant improvement in working memory after MICE cessation
has been reported (Weng et al., 2015; Chen et al., 2016; Dodwell et al,, 2019). In addition
to traditional continuous exercise, high-intensity interval exercise (HIIE), which is defined as
repetitive high-intensity exercise interspersed with recovery periods of light intensity (Kao
et al., 2017b), has been recognized as one of the most effective methods for improving exercise
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capacity, metabolism, and cardiorespiratory fitness (Weston
et al.,, 2014; Batacan et al.,, 2017; Dolci et al., 2020). Recently,
HIIE has been widely investigated for its positive influence
on working memory during the period following the cessation
of the exercise bout (Ai et al, 2021; Hsieh et al.,, 2021).
Although the benefits of acute exercise on working memory
is well known, it may vary according to exercise modality
(Chen et al,, 2020). Kao et al. (2021) used a modified Sternberg
task to assess working memory in healthy young adults and
found that only HIIE enhanced the processing speed during
memory retrieval compared with MICE and control condition.
Northey et al. (2019) also found that the HIIE intervention
elicited positive moderate-to-large effects on working memory
in comparison with MICE. However, some studies proposed
that MICE maximizes exercise-induced cognitive benefits versus
HIIE (McMorris and Hale, 2012; Pyke et al., 2020) and contributes
to a significant improvement in working memory performance
relative to pre-intervention (Tsai et al, 2021). The existing
literature remains inconsistent about which modality of exercise,
MICE or HIIE, is the more effective in improving working
memory. Thus, further research to establish the relationship
between exercise modality and working memory is necessary.
Another concern which needs to be addressed in the
subsequent research is the time point of working memory
assessment after exercise (Pontifex et al., 2019). Most previous
studies exploring the effects of acute exercise on working
memory focused on the immediate effects (up to 5min after
exercise) of acute exercise (Chen et al., 2014; Soga et al,, 2015;
Bediz et al., 2016), with only a few studies examined sustained
effects after exercise (Pontifex et al., 2009; Tsujii et al., 2013;
Kamijo and Abe, 2019). A meta-analysis investigating the effects
of acute exercise on cognitive function (including working
memory) has indicated that the effects of exercise on cognition
vary with the time of performing cognitive tasks (Chang et al,,
2012). The cognitive tests displayed the greatest effects 1-15min
after exercise, and then, these effects faded following a longer
(>15min) delay. Cooper et al. (2018) used HIIE as an intervention
and observed changes in working memory performance
immediately after and 45min after the intervention and only
found an increase in performance at the maximum level of
working memory load in the Sternberg paradigm (working
memory load in the current study has three levels) immediately
after exercise. In contrast, two studies (with the MICE and
HIIE interventions, respectively) reported that the improvement
in working memory capacity was prominent at the end of the
exercise intervention and continuously elevated up to 30min
(Pontifex et al., 2009; Martinez-Diaz et al., 2020). However,
these results contradict Chang et al. (2012) who suggested
that physiological responses to exercise (e.g., heart rate, brain-
derived neurotrophic factor (BDNF), endorphins, serotonin,
and dopamine) predicted effects on executive function
performance. When executive function was tested immediately
after exercise, lower intensity exercise produced appropriate
levels of physiological mechanisms that resulted in more beneficial
effects on executive function; however, higher intensity exercise
produced the strongest effects when executive function was
tested delayed after exercise. To our knowledge, there are no

studies that have directly compared the sustainable effects of
MICE and HIIE on working memory, and thus, the effects
of different exercise protocol on lasting improvements in working
memory should be examined.

The purpose of this study is to investigate the different
effects of acute MICE versus HIIE on working memory and
whether this effect remains stable after a 30 min recovery period
using duration-matched exercise protocols in healthy young
adults. Given that drive theories suggested a linear relationship
between intensity of exercise and executive function such that
the benefit scales in relation to increasing intensity (Chang
et al, 2012), we hypothesized that (1) both the MICE and
HIIE conditions would improve working memory compared
with the control condition and (2) HIIE would have a longer
duration of positive effect on working memory than MICE.

MATERIALS AND METHODS

Participants

Fifty healthy young adults (20 females) aged 18-22years (mean
age=19.96 £ 1.03 years) were recruited from Qingdao University
to participate in this study. Participants completed the Physical
Activity Readiness Questionnaire (PAR-Q; Thomas et al., 1992)
to exclude potential exercise risks. All eligible participants were
right-handed, free of any reported neurological, cardiovascular,
or pulmonary diseases and had normal or corrected-to-normal
vision. The sample size is determined based on a priori power
(G*power 3.1.9.2) analysis with a small-to-moderate effect size
(7*=0.23; Etnier et al., 2016), a level of 0.05 and a power
(1—p) of 0.80 at the group level, resulting in at least a sample
size of 33 to detect similar significant effects. Considering
potential attrition of participants during the experiment,
we recruited a total of 50 participants. Each participant received
cash compensation after the experiment. The study was approved
by the Medical Ethics Committee of the Affiliated Hospital of
Qingdao University and all participants signed informed consent.
Demographic characteristics data have been shown in Table 1.

TABLE 1 | Demographic characteristics data (M +SD).

Variables Mean+SD Range
Sample size (n) 50

Gender (male/female) 30/20

Age (years) 19.96+1.03 18-22
Height (cm) 173.38+8.59 153-190
Weight (kg) 65.51+14.03 39-98
BMI (kg.m=?) 21.59+3.29 16.33-30.71
HR e (bpm) 193.46+6.16 180-210
RHR (omp) 69.18+8.27 55-90
HRR (bmp) 124.28+9.65 104-153
Mean MICE HR (bpm) 135.00+4.94 100-158
Mean HIIE HR (bpm) 163.83+7.77 108-194
MICE RPE 12.22+2.12 9-17
HIIE RPE 16.10+£2.43 11-20

BMI, body mass index; HR,..., maximum heart rate; RHR, resting heart rate; HRR, heart
rate reserve; HR, heart rate; MICE, moderate-intensity continuous exercise; HIIE, high-
intensity interval exercise; and RPE, ratings of perceived exertion.
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Spatial 2-Back Task

A modified version of a spatial 2-back task was programmed
using E-Prime version 2.0 (Psychology Software Tools Inc.,
Pittsburgh, PA, United States) to assess working memory
(Drollette et al, 2012). The display screen consisted of 25
white-framed 1.5x1.5cm small black squares combined into
a large square. A small square filled with blue was presented
randomly in one of the 25 squares for 500ms, followed by a
3,000ms of response interval in which a black screen was
displayed, resulting in a total response window of 3,500 ms
(Figure 1). Participants were required to respond as quickly
and accurately as possible to press the F button on the keyboard
when the position of the current stimulus matched the position
of blue square presented in the previous two trials (i.e., match
trials), and press the J button on the keyboard when the two
trials were not matched (i.e., no match trials). It was considered
a false alarm (FA) when a participant incorrectly identified a
trial with no match when the F button was pressed. The task
contains two blocks of 23 trials each block, including seven
match trials, 14 no match trials, and two beginning trials to
which do not need to respond. There were 23 practice trials
before the formal experimental trials. Behavioral performance
for the 2-back task included mean accuracy, mean reaction
time (RT), false alarm rate, and d’ scores (d’; Target discrimination
performance parameters). Calculation of d’ scores used the
formula provided by Sorkin (Sorkin, 1999), z (adjusted target

accuracy)—z (adjusted false alarm rate). Larger values of d’
indicate better ability to discriminate targets from non-targets
(Scudder et al., 2016).

Experimental Procedure

The protocol adopted a within-subjects design. All participants
engaged in four sessions. The interval between each two sessions
was >7days to minimize any effects of the previous session,
and for a given participant, the four sessions were completed
at approximately the same time of the day. Participants were
instructed to avoid strenuous physical activity, caffeinated
beverages, or alcoholic drinks at least 24h before each session.
During the first session, participants completed relevant
questionnaires and performed a graded exercise test (GXT)
using a treadmill (ICON 705CST) for estimating maximum
heart rate (HR,,,) (Ferguson, 2014). The initial speed of the
test was 8.5km/h with the grade of 3%; then, the speed of
the treadmill was increased by 0.5km/h every 1min and the
grade was kept constant until the participant became volitional
exhausted. A Polar H10 heart rate strap (Polar, Kemple, Finland)
measured HR throughout the test and assessed the rating of
perceived exertion (RPE) immediately after the test (Borg,
1970). HR,,,, was determined when participants met three of
the following four criteria: (a) a plateau in heart rate resulting
in no longer rising with an increase in the speed of the
treadmill, (b) a peak HR > age-predicted HR,,,, [208 - (0.7%age)]

Fixation

3000 ms

stimulus time window of 3,500 ms.

FIGURE 1 | The spatial 2-back task. A fixation point was presented before stimulus onset, followed by a 500ms stimulus and a 3,000 ms reaction time, for a total
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(Mahon et al., 2010), (c¢) RPE>17, and (d) subjective volitional
exhaustion was reported. During the other three sessions,
participants completed one of the three interventions (i.e.,
MICE, HIIE, and control) in a randomized counterbalanced
order and were instructed to perform a spatial 2-back task
test before the intervention (T,), immediately after (T,), and
30min after the intervention (T,). The entire protocol took
participants approximately 6h. The Polar H10 heart rate strap
was used to monitor real-time heart rate throughout the exercise
intervention. Figure 2 shows the experimental procedure.
Participants were asked to keep quiet and to refrain from
doing anything unrelated to the experimental intervention.

Intervention Protocols

All exercise interventions were completed on a treadmill.
We tailored the intensity of each exercise intervention to the
participants based on their estimated heart rate reserve (HRR)
based on their HR,,,, minus their resting heart rate (RHR).
The target HR during exercise was calculated from the following
formula: target HR = (% exercise intensity * HRR) + RHR. During
the MICE session, participants completed a 2min warm-up,
followed by 20min of continuous running on a treadmill an
intensity of 40-59% HRR, and a 2min cool-down (Garber
et al, 2011). During the HIIE session, participants completed

a 2min warm-up, followed by a 20min interval exercise, and
a 2min cool-down. During the interval exercise, participants
repeated 10 bouts of 1min running at an intensity of 90%
HRR, separated by 1min of self-paced walking at 50% HRR
(Andrews et al., 2020). The Borg scale was completed immediately
after the two exercise interventions to assess the participants’
RPE (Borg, 1970). During the control protocol, participants
were instructed to rest on a chair and read books that were
unrelated to exercise in a quiet room for 24 min which matched
the duration of the exercise intervention (2min warm-up,
20 min exercise, and 2 min cool-down). The intervention protocols
are illustrated in Figure 2.

Statistical Analysis

Statistical analyses were conducted using the Statistical Package
for Social Sciences software (SPSS version 25.0, Chicago,
United States), with a significant level set at p=0.05. In RT
analysis, trials with RT below 300ms or above two standard
deviations (SD) were discarded. The total amount of trials
discarded by these trimmers was less than 3% of the original
dataset. Accuracies and correct RTs of the 2-back task were
analyzed using a two-way repeated-measures analysis of variance
(ANOVA), with condition (MICE, HIIE, and control) and time
point (Ty, T), and T,) as within-subject factors. False alarm

A
MICE zn { —>  40%-59% HRR
W-up . C-down 5
P 20 min MICE rmmy | M7 30 min
Ty T, T,
B
HIIE ||||||||||||||||‘||‘|—>lm1n90%HRR
—> 1 min50% HRR
j . !
-
W-up . C-down g
(2 min) 20 min HIIE 2 min) \ﬁ"[ 30 min
C T0 Tl T2
Control
24 min resting \ﬁ"[ 30 min
TO Tl T2
FIGURE 2 | Schematic of the study design. Working memory was assessed pre-intervention (To) and at two time points after intervention, including immediately (T)
and 30min (T,). MICE: moderate-intensity continuous exercise. HIIE: high-intensity interval exercise. W-up: warm-up. C-down: cool-down. Sections (A-C) of the
figure represent the intervention protocols for the HIIE, MICE and control group respectively.
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rate and d’ scores were examined using a 3 (condition: MICE,
HIIE, control) x 3 (time: Ty, T}, T,) repeated-measures ANOVA.
Paired-samples t-tests were used for HR and RPE analyses in
MICE and HIIE conditions. For ANOVA that showed significant
main or interaction effects among different factors, paired t-tests
with Bonferroni corrections were used for post-hoc comparisons.
Partial eta-squared was used to indicate the effect sizes.

RESULTS

Acute Exercise Performance

A paired-sample t-test of mean HR and RPE for MICE and
HIIE found that HIIE elicited a higher HR (163.83+7.77bpm
vs. 135.00+4.94bpm, p<0.001) and greater PRE (16.10+2.43
vs. 12.22+2.12, p<0.001) relative to MICE (Table 1).

Accuracy of the 2-Back Task

The two-way repeated-measures ANOVA on accuracy showed
that no significant interaction of time point x condition
[F (4,196)=0.67, p=0.617, #*=0.01] or main effect of condition
[F (2, 98)=2.90, p=0.060, *=0.06] was observed. A significant
main effect of time point was confirmed [F (2, 98)=3.57,
p=0.032, #*=0.07]. Post-hoc analysis showed that the accuracy
was significantly higher 30 min after intervention (T,) compared
to that immediately after the intervention (T,; p=0.033), while
there was no significant difference in either T, or T, relative
to Ty (ps>0.131; see Figure 3A).

Reaction Time of the 2-Back Task
The two-way repeated-measures ANOVA on RT revealed a
significant interaction of time point x condition [F (4, 196) =2.83,
Pp=0.042, *=0.06]. Post-hoc tests showed that RT was significantly
faster in the immediate after intervention (T,) for both HIIE
(p=0.002) and MICE (p=0.013) than pre-intervention (Tj).
However, the benefit of HIIE on RT was maintained for 30 min
after the intervention (T p=0.003), while RT before the MICE
intervention was not significantly different from that 30 min
after the intervention (T, p=0.235). Post-hoc test also revealed
that RT at the T, time point was significantly shorter in the
HIIE condition than that in the control condition (p=0.013).
In the control condition, no significant differences were observed
among the pre-intervention (T,), immediate after intervention
(T,) and 30min after intervention time points (T, ps>0.284).
There was a significant main effect of time point
[F (2, 98)=8.92, p<0.001, n*=0.17]. The post-hoc test showed
that the RT was significantly slower before the intervention
(Ty) compared with those immediately (T}; p <0.001) and 30 min
(T, p=0.001) after the intervention, while RTs were not
significantly different between T, and T, time points (p>0.9).
There was no significant main effect of the condition
[F (2, 98)=2.00, p=0.141, #*=0.04; see Figure 3B].

False Alarm Rate and d’ Scores
Analysis of the false alarm rate showed that there was
no significant interaction effect of time point x condition

[F (4, 196)=1.74, p=0.157, n*=0.03] or significant main effect
of condition [F (2, 98)=3.04, p=0.061, #*=0.06]. A significant
main effect of time point was identified [F (2, 98)=5.45,
p=0.006, n*=0.10]. Post-hoc analysis showed that the false
alarm rate was significantly lower 30 min after the intervention
(T,) compared to that before the intervention (T p=0.006).
No significant differences were detected in the false alarm rate
between T, and T, (p>0.9) or T, and T, (p=0.065; see
Figure 3C).

For d’ score, there was no significant interaction of time
point x condition [F (4, 196)=0.04, p=0.998, 7*<0.01] or
main effect of time point [F (2, 98)=0.51, p=0.601, #*=0.01].
A significant main effect of condition was observed
[F (2, 98)=3.35, p=0.039, #°=0.06]. Post-hoc analysis revealed
that the HIIE condition had higher d” scores compared to the
control condition (p=0.024). However, there were no significant
differences in d’ scores between MICE and control condition
(p=0.336) and between HIIE and MICE (p > 0.9; see Figure 3D).

DISCUSSION

The purpose of this study was to examine the immediate and
delayed effects of acute MICE and HIIE relative to a resting
control condition on working memory in healthy young adults
using a spatial 2-back task. Results indicated that both MICE
and HIIE have a beneficial effect on working memory in healthy
young adults, but there were differences in the duration of
the improvement between the two exercises. Improvements in
working memory immediately after exercise were similar in
the HIIE and MICE protocols. However, the benefit after HIIE
lasted for 30 min of post-exercise recovery, during which MICE
returned to the pre-exercise level. As we hypothesized, HIIE
produced longer working memory improvement than MICE.

Consistent with previous studies (Chen et al., 2016; Dodwell
et al,, 2019), the current study found that MICE improved
working memory immediately after the intervention, as evidenced
by an overall decrease in RT with no difference in response
accuracy for the 2-back task relative to that before the acute
exercise. This finding may suggest that MICE improved the
processing efficiency of working memory processes (McMorris
et al, 2011). However, the MICE-induced improvement in
working memory returned to pre-exercise levels 30min after
exercise. This is inconsistent with previous studies reporting
that improvement in working memory induced by MICE (30 min
of motor driven treadmill exercise) was not only reflected
immediately after exercise, but also remained 30min after
exercise. Ji et al. (2017) also found a significant reduction in
RT for working memory tasks after moderate-intensity exercise
at 60% HRR (30min treadmill running), and this improvement
was maintained until 30min after exercise. The discrepancies
between these studies and our findings may stem from differences
in the duration of the exercise intervention (Chang et al,
2015). A meta-analysis found that performance on cognitive
tests was facilitated when participants completed an exercise
longer than 20min (Lambourne and Tomporowski, 2010).
Improvement in working memory was not observed 30min
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after MICE in the present study, probably because our exercise
intervention was not long enough to produce a significant effect.

The present study demonstrated that working memory
improved immediately after HIIE and lasted up to 30min.
This finding supports some recent studies reporting that cognitive
improvements can be maintained for a period of time after
HIIE. For example, Martinez-Diaz et al. (2020) used the Digit
Span Test (DST) to assess working memory in healthy young
men and found that DST scores obtained 30 min after exercise
remained higher than those assessed before the exercise. Williams
et al. (2020) used high-intensity intermittent games-based activity
to explore the moderating effect of physical fitness on the
acute exercise-cognition relationship and measured working
memory performance using the Sternberg paradigm. Results
revealed that working memory improved in the high fitness
group 45min after exercise. Our findings validate previous
studies reporting that HIIE improves working memory (Moreau
and Chou, 2019; Ai et al., 2021), confirming that HITE-induced
improvements in working memory can be sustained until at
least 30min after exercise.

Previous studies have demonstrated that HIIE was a more
effective strategy for improving inhibitory control and cognitive
flexibility compared to MICE (Tian et al, 2021a,b). In the

present study, we provide evidence that HIIE is also effective
in improving working memory. The improvement in working
memory after the MICE and HIIE interventions implied some
predictions related to describing the neurobiological
mechanisms underlying the effects of exercise on cognitive
function. As a stressor, the transient effects of acute exercise
on working memory are commonly explained by energetic
arousal. This arousal is mainly expressed as increases in neural
activation or general physiological arousal measured by heart
rate, RPE, or other biological indices (Lambourne and
Tomporowski, 2010; Netz et al., 2016). Studies have shown
that arousal levels increase with exercise intensity (Yerkes
and Dodson, 1908), with cognitive performance rising to an
optimal level along with increased exercise-induced arousal
levels (Lambourne and Tomporowski, 2010). The RPE was
significantly greater after HIIE compared to MICE, which
may lead to a higher level of arousal in the organism with
HIIE than MICE, resulting in a longer duration of improvement
in working memory. Changes in BDNF accompanying exercise
participation can also contribute to improved working memory
(Aaron et al., 2015). Previous studies have found acute increases
in BDNF concentrations in human blood serum after a single
bout of physical exercise (Knaepen et al, 2010), and the
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elevated levels are greater after high-intensity exercise than
after low-intensity exercise (Ferris et al., 2007). Acute exercise-
induced changes in BDNF concentrations can predict memory-
related cognitive performance (Skriver et al., 2014), possibly
explaining the longer duration of HIIE on working memory
than MICE. Further, the increased cerebral blood flow promoted
by exercise may also be a possible mechanism for the
improvement in working memory after acute exercise. Acute
exercise promotes increased cerebral blood flow (Ellis et al,
2017; Steventon et al., 2021), which facilitates the transport
of nutrients and oxygen to the brain (Vogiatzis et al., 2011),
and the resulting increased oxygenation benefits broader
cognition, particularly in the frontal areas of the brain that
support executive functions (Lambrick et al, 2016). Some
studies using functional near-infrared spectroscopy have
demonstrated increased cortical activation in the prefrontal
cortex after exercise, corresponding to an increase in cognitive
performance (Byun et al, 2014). Meanwhile, since interval
exercise requires more complex coordination of motor
movements and higher demands on executive functions, it
may result in a greater increase in cerebral blood flow to
the prefrontal cortex compared to continuous exercise and
has a greater impact on working memory (Lambrick et al.,, 2016).

A few limitations must be taken into consideration. Firstly,
the study compared the effects of two different modalities of
exercise on working memory, HIIE, and MICE, but the energy
expenditure induced by exercise was not equal, so it was difficult
to determine whether the differential effects of HIIE and MICE
on working memory were related to energy expenditure. Secondly,
we propose that exercise-induced energy arousal increased
BDNF concentrations and cerebral blood flow might play
important roles in improving working memory. However, we did
not perform direct measurements of these physiological indices.
Further studies are needed to measure exercise-induced changes
in biological indicators, such as BDNF concentration and
cerebral blood flow. Finally, the current study found that the
benefits of HIIE on working memory lasted up to 30 min after
exercise cessation. However, since the working memory test
ends at that point, it is unclear whether the benefits of HIIE
on working memory can be sustained for much longer.

CONCLUSION

The present study indicated the acute effects of treadmill-
based HIIE and MICE on the sustainability of working memory

REFERENCES

Aaron, T., Piepmeier, J., and Etnier, L. (2015). Brain-derived neurotrophic factor
(BDNF) as a potential mechanism of the effects of acute exercise on cognitive
performance. J. Sport Health Sci. 4, 14-23. doi: 10.1016/j.jshs.2014.11.001

Ai, J. Y, Chen, E T, Hsieh, S. S., Kao, S. C., Chen, A. G, Hung, T. M., et al.
(2021). The effect of acute high-intensity interval training on executive
function: a systematic review. Int. J. Environ. Res. Public Health 18:3593.
doi: 10.3390/ijerph18073593

Andrews, S. C., Curtin, D., Hawi, Z., Wongtrakun, J., Stout, J. C., and Coxon, J. P.
(2020). Intensity matters: high-intensity interval exercise enhances motor

in healthy young adults. Specifically, the MICE intervention
significantly facilitated working memory only immediately
after exercise. However, the enhanced working memory
associated with the HIIE intervention was not only observed
immediately after exercise, but also lasted for at least 30 min
after exercise. Thus, the differential effects of HIIE and MICE
on working memory provide support for the importance of
exercise modality as a possible modulator of the relationship
between acute exercise and working memory. The finding
that HIIE is a more time-efficient method to improving
cognitive performance compared to MICE may have some
social significance. Long-term sedentary study and work with
intervals of short-duration HIIE intervention could generate
better learning and work performance that relies on
working memory.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Affiliated Hospital of Qingdao University. The
patients/participants provided their written informed consent
to participate in this study.

AUTHOR CONTRIBUTIONS

HM, ST, and FQ contributed to conception and design of the
study and provided the datasets. HM carried out the analysis.
HM, ST, QF and FQ wrote the initial draft. All authors
contributed to manuscript revision, read, and approved the
submitted version.

FUNDING

The present study was funded by the Foundation for Science
Research Famous Achievement Award in Higher Institution
(Humanities and Social Sciences, RZ2100004646).

cortex plasticity more than moderate exercise. Cereb. Cortex 30, 101-112.
doi: 10.1093/cercor/bhz075

Baddeley, A. (2010). Working memory. Curr. Biol. 20, R136-R140. doi: 10.1016/j.
cub.2009.12.014

Batacan, R. B. Jr,, Duncan, M. J., Dalbo, V. J., Tucker, P. S., and Fenning, A. S.
(2017). Effects of high-intensity interval training on cardiometabolic health:
a systematic review and meta-analysis of intervention studies. Br. J. Sports
Med. 51, 494-503. doi: 10.1136/bjsports-2015-095841

Bediz, C. S., Oniz, A., Guducu, C., Ural Demirci, E., Ogut, H., Gunay, E., et al.
(2016). Acute supramaximal exercise increases the brain oxygenation in relation
to cognitive workload. Front. Hum. Neurosci. 10:174. doi: 10.3389/fnhum.2016.00174

Frontiers in Psychology | www.frontiersin.org

February 2022 | Volume 13 | Article 766679


https://www.frontiersin.org/journals/psychology
www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles
https://doi.org/10.1016/j.jshs.2014.11.001
https://doi.org/10.3390/ijerph18073593
https://doi.org/10.1093/cercor/bhz075
https://doi.org/10.1016/j.cub.2009.12.014
https://doi.org/10.1016/j.cub.2009.12.014
https://doi.org/10.1136/bjsports-2015-095841
https://doi.org/10.3389/fnhum.2016.00174

Mou et al.

Effects of Exercise on Cognition

Borg, G. (1970). Perceived exertion as an indicator of somatic stress. Scand.
J. Rehabil. Med. 2, 92-98

Byun, K., Hyodo, K., Suwabe, K., Kujach, S., Kato, M., and Soya, H. (2014).
Possible influences of exercise-intensity-dependent increases in non-cortical
hemodynamic variables on NIRS-based neuroimaging analysis during cognitive
tasks: technical note. J. Exerc. Nutr. Biochem 18, 327-332. doi: 10.5717/
jenb.2014.18.4.327

Chang, Y. K., Chu, C. H,, Wang, C. C,, Wang, Y. C, Song, T. E, Tsai, C. L,
et al. (2015). Dose-response relation between exercise duration and cognition.
Med. Sci. Sports Exerc. 47, 159-165. doi: 10.1249/MSS.0000000000000383

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

Chen, E T, Etnier, J. L., Chan, K. H,, Chiu, P. K,, Hung, T. M., and Chang, Y. K.
(2020). Effects of exercise training interventions on executive function in
older adults: a systematic review and meta-analysis. Sports Med. 50, 1451-1467.
doi: 10.1007/s40279-020-01292-x

Chen, A.-G,, Yan, J,, Yin, H.-C,, Pan, C.-Y,, and Chang, Y.-K. (2014). Effects
of acute aerobic exercise on multiple aspects of executive function in
preadolescent children. Psychol. Sport Exerc. 15, 627-636. doi: 10.1016/j.
psychsport.2014.06.004

Chen, A. G., Zhu, L. N., Yan, J.,, and Yin, H. C. (2016). Neural basis of
working memory enhancement after acute aerobic exercise: fMRI study
of preadolescent children. Front. Psychol. 7:1804. doi: 10.3389/fpsyg.2016.
01804

Cooper, S. B., Dring, K. J., Morris, J. G., Sunderland, C., Bandelow, S., and
Nevill, M. E. (2018). High intensity intermittent games-based activity and
adolescents’ cognition: moderating effect of physical fitness. BMC Public
Health 18:603. doi: 10.1186/s12889-018-5514-6

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

Dodwell, G., Muller, H. J., and Tollner, T. (2019). Electroencephalographic
evidence for improved visual working memory performance during standing
and exercise. Br. J. Psychol. 110, 400-427. doi: 10.1111/bjop.12352

Dolci, E, Kilding, A. E., Chivers, P, Piggott, B, and Hart, N. H. (2020).
High-intensity interval training shock microcycle for enhancing sport
performance: a brief review. J. Strength Cond. Res. 34, 1188-1196. doi:
10.1519/jsc.0000000000003499

Drollette, E. S., Shishido, T., Pontifex, M. B., and Hillman, C. H. (2012).
Maintenance of cognitive control during and after walking in preadolescent
children. Med. Sci. Sports Exerc. 44, 2017-2024. doi: 10.1249/MSS.
0b013e318258bcd5

Ellis, L. A., Ainslie, P. N., Armstrong, V. A., Morris, L. E., Simair, R. G,
Sletten, N. R,, et al. (2017). Anterior cerebral blood velocity and end-tidal
CO, responses to exercise differ in children and adults. Am. J. Phys. Heart
Circ. Phys. 312, H1195-H1202. doi: 10.1152/ajpheart.00034.2017

Etnier, J. L., Wideman, L., Labban, J. D., Piepmeier, A. T., Pendleton, D. M.,
Dvorak, K. K., et al. (2016). The effects of acute exercise on memory and
brain-derived neurotrophic factor (BDNF). J. Sport Exerc. Psychol. 38, 331-340.
doi: 10.1123/jsep.2015-0335

Ferguson, B. (2014). ACSM’s guidelines for exercise testing and prescription.
9th Edn. ]J. Can. Chiropr. Assoc. 58:328. doi: 10.1016/S0031-9406(10)61772-5

Ferris, L. T., Williams, J. S., and Shen, C.-L. (2007). The effect of acute exercise
on serum brain-derived neurotrophic factor levels and cognitive function.
Med. Sci. Sports Exerc. 39, 728-734. doi: 10.1249/mss.0b013e31802f04c7

Garber, C. E., Blissmer, B., Deschenes, M. R., Franklin, B. A., Lamonte, M. J.,
Lee, I. M., et al. (2011). American College of Sports Medicine position
stand. Quantity and quality of exercise for developing and maintaining
cardiorespiratory, musculoskeletal, and neuromotor fitness in apparently
healthy adults: guidance for prescribing exercise. Med. Sci. Sports Exerc. 43,
1334-1359. doi: 10.1249/MSS.0b013e318213fefb

Hsieh, S. S., Chueh, T. Y., Huang, C. ], Kao, S. C., Hillman, C. H., Chang, Y. K,,
et al. (2021). Systematic review of the acute and chronic effects of high-
intensity interval training on executive function across the lifespan. J. Sports
Sci. 39, 10-22. doi: 10.1080/02640414.2020.1803630

Hussey, E. K., Fontes, E. B., Ward, N., Westfall, D. R., Kao, S. C., Kramer, A. E,
et al. (2020). Combined and isolated effects of acute exercise and brain
stimulation on executive function in healthy young adults. J. Clin. Med.
9:1410. doi: 10.3390/jcm9051410

Ji, L. Y, Li, X. L, Liu, Y,, Sun, X. W,, Wang, H. E, Chen, L., et al. (2017).
Time-dependent effects of acute exercise on university students’ cognitive
performance in temperate and cold environments. Front. Psychol. 8:1192.
doi: 10.3389/fpsyg.2017.01192

Kamijo, K., and Abe, R. (2019). Aftereffects of cognitively demanding acute
aerobic exercise on working memory. Med. Sci. Sports Exerc. 51, 153-159.
doi: 10.1249/MSS.0000000000001763

Kao, S. C., Wang, C. H., Kamijo, K., Khan, N., and Hillman, C. (2021). Acute
effects of highly intense interval and moderate continuous exercise on the
modulation of neural oscillation during working memory. Int. J. Psychophysiol.
160, 10-17. doi: 10.1016/j.ijpsycho.2020.12.003

Kao, S. C., Westfall, D. R., Parks, A. C., Pontifex, M. B., and Hillman, C. H.
(2017a). Muscular and aerobic fitness, working memory, and academic
achievement in children. Med. Sci. Sports Exerc. 49, 500-508. doi: 10.1249/
MSS.0000000000001132

Kao, S. C., Westfall, D. R., Soneson, J., Gurd, B., and Hillman, C. H. (2017b).
Comparison of the acute effects of high-intensity interval training and
continuous aerobic walking on inhibitory control. Psychophysiology 54,
1335-1345. doi: 10.1111/psyp.12889

Knaepen, K., Goekint, M., Heyman, E. M., and Meeusen, R. (2010). Neuroplasticity
- exercise-induced response of peripheral brain-derived neurotrophic factor:
a systematic review of experimental studies in human subjects. Sports Med.
40, 765-801. doi: 10.2165/11534530-000000000-00000

Lambourne, K., and Tomporowski, P. (2010). The effect of exercise-induced
arousal on cognitive task performance: a meta-regression analysis. Brain
Res. 1341, 12-24. doi: 10.1016/j.brainres.2010.03.091

Lambrick, D., Stoner, L., Grigg, R., and Faulkner, J. (2016). Effects of continuous
and intermittent exercise on executive function in children aged 8-10 years.
Psychophysiology 53, 1335-1342. doi: 10.1111/psyp.12688

Liu, S., Yu, Q, Li, Z., Cunha, P. M., Zhang, Y., Kong, Z., et al. (2020). Effects
of acute and chronic exercises on executive function in children and
adolescents: a systemic review and meta-analysis. Front. Psychol. 11:554915.
doi: 10.3389/fpsyg.2020.554915

Mahon, A. D., Marjerrison, A. D,, Lee, J. D., Woodruff, M. E., and Hanna, L. E.
(2010). Evaluating the prediction of maximal heart rate in children and
adolescents. Res. Q. Exerc. Sport 81, 466-471. doi: 10.1080/02701367.2010.
10599707

Martinez-Diaz, I. C., Escobar-Munoz, M. C., and Carrasco, L. (2020). 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 17:8216. doi: 10.3390/ijerph17218216

McMorris, T., and Hale, B. J. (2012). Differential effects of differing intensities
of acute exercise on speed and accuracy of cognition: a meta-analytical
investigation. Brain Cogn. 80, 338-351. doi: 10.1016/j.bandc.2012.09.001

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

Moreau, D., and Chou, E. (2019). The acute effect of high-intensity exercise
on executive function: a meta-analysis. Perspect. Psychol. Sci. 14, 734-764.
doi: 10.1177/1745691619850568

Netz, Y., Abu-Rukun, M., Tsuk, S., Dwolatzky, T., Carasso, R., Levin, O., et al.
(2016). Acute aerobic activity enhances response inhibition for less than
30min. Brain Cogn. 109, 59-65. doi: 10.1016/j.bandc.2016.08.002

Northey, J. M., Pumpa, K. L., Quinlan, C,, Ikin, A., Toohey, K., Smee, D. ],
et al. (2019). Cognition in breast cancer survivors: a pilot study of interval
and continuous exercise. J. Sci. Med. Sport 22, 580-585. doi: 10.1016/j.
jsams.2018.11.026

Olivo, G., Nilsson, J., Garzon, B., Lebedev, A., Wahlin, A., Tarassova, O., et al.
(2021). Immediate effects of a single session of physical exercise on cognition
and cerebral blood flow: a randomized controlled study of older adults.
NeuroImage 225:117500. doi: 10.1016/j.neuroimage.2020.117500

Pontifex, M. B., Hillman, C. H., Fernhall, B., Thompson, K. M., and Valentini, T. A.
(2009). The effect of acute aerobic and resistance exercise on working memory.
Med. Sci. Sports Exerc. 41, 927-934. doi: 10.1249/MSS.0b013e3181907d69

Pontifex, M. B., McGowan, A. L., Chandler, M. C., Gwizdala, K. L., Parks, A. C,,
Fenn, K., et al. (2019). A primer on investigating the after effects of acute
bouts of physical activity on cognition. Psychol. Sport Exerc. 40, 1-22. doi:
10.1016/j.psychsport.2018.08.015

Frontiers in Psychology | www.frontiersin.org

February 2022 | Volume 13 | Article 766679


https://www.frontiersin.org/journals/psychology
www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles
https://doi.org/10.5717/jenb.2014.18.4.327
https://doi.org/10.5717/jenb.2014.18.4.327
https://doi.org/10.1249/MSS.0000000000000383
https://doi.org/10.1016/j.brainres.2012.02.068
https://doi.org/10.1007/s40279-020-01292-x
https://doi.org/10.1016/j.psychsport.2014.06.004
https://doi.org/10.1016/j.psychsport.2014.06.004
https://doi.org/10.3389/fpsyg.2016.01804
https://doi.org/10.3389/fpsyg.2016.01804
https://doi.org/10.1186/s12889-018-5514-6
https://doi.org/10.1146/annurev-psych-113011-143750
https://doi.org/10.1111/bjop.12352
https://doi.org/10.1519/jsc.0000000000003499
https://doi.org/10.1249/MSS.0b013e318258bcd5
https://doi.org/10.1249/MSS.0b013e318258bcd5
https://doi.org/10.1152/ajpheart.00034.2017
https://doi.org/10.1123/jsep.2015-0335
https://doi.org/10.1016/S0031-9406(10)61772-5
https://doi.org/10.1249/mss.0b013e31802f04c7
https://doi.org/10.1249/MSS.0b013e318213fefb
https://doi.org/10.1080/02640414.2020.1803630
https://doi.org/10.3390/jcm9051410
https://doi.org/10.3389/fpsyg.2017.01192
https://doi.org/10.1249/MSS.0000000000001763
https://doi.org/10.1016/j.ijpsycho.2020.12.003
https://doi.org/10.1249/MSS.0000000000001132
https://doi.org/10.1249/MSS.0000000000001132
https://doi.org/10.1111/psyp.12889
https://doi.org/10.2165/11534530-000000000-00000
https://doi.org/10.1016/j.brainres.2010.03.091
https://doi.org/10.1111/psyp.12688
https://doi.org/10.3389/fpsyg.2020.554915
https://doi.org/10.1080/02701367.2010.10599707
https://doi.org/10.1080/02701367.2010.10599707
https://doi.org/10.3390/ijerph17218216
https://doi.org/10.1016/j.bandc.2012.09.001
https://doi.org/10.1016/j.physbeh.2010.12.007
https://doi.org/10.1177/1745691619850568
https://doi.org/10.1016/j.bandc.2016.08.002
https://doi.org/10.1016/j.jsams.2018.11.026
https://doi.org/10.1016/j.jsams.2018.11.026
https://doi.org/10.1016/j.neuroimage.2020.117500
https://doi.org/10.1249/MSS.0b013e3181907d69
https://doi.org/10.1016/j.psychsport.2018.08.015

Mou et al.

Effects of Exercise on Cognition

Pyke, W, Ifram, E, Coventry, L., Sung, Y., Champion, I, and Javadi, A. H. (2020).
The effects of different protocols of physical exercise and rest on long-term
memory. Neurobiol. Learn. Mem. 167:107128. doi: 10.1016/j.nlm.2019.107128

Scudder, M. R, Drollette, E. S., Szabo-Reed, A. N., Lambourne, K., Fenton, C. I,
Donnelly, J. E., et al. (2016). Tracking the relationship between children’s aerobic
fitness and cognitive control. Health Psychol. 35, 967-978. doi: 10.1037/hea0000343

Skriver, K., Roig, M., Lundbye-Jensen, J., Pingel, J., Helge, ]. W., Kiens, B,
et al. (2014). Acute exercise improves motor memory: exploring potential
biomarkers. Neurobiol. Learn. Mem. 116, 46-58. doi: 10.1016/j.nlm.2014.08.004

Soga, K., Shishido, T., and Nagatomi, R. (2015). Executive function during
and after acute moderate aerobic exercise in adolescents. Psychol. Sport
Exerc. 16, 7-17. doi: 10.1016/j.psychsport.2014.08.010

Sorkin, R. D. (1999). Spreadsheet signal detection. Behav. Res. Methods Instrum.
Comput. 31, 46-54. doi: 10.3758/bf03207691

Steventon, J. J., Chandler, H. L., Foster, C., Dingsdale, H., Germuska, M.,
Massey, T., et al. (2021). Changes in white matter microstructure and MRI-
derived cerebral blood flow after 1-week of exercise training. Sci. Rep.
11:22061. doi: 10.1038/s41598-021-01630-7

Thomas, S., Reading, J., and Shephard, R. J. (1992). Revision of the physical
activity readiness questionnaire (PAR-Q). Can. J. Sport Sci. 17, 338-345

Tian, S., Mou, H., Fang, Q., Zhang, X., Meng, E, and Qiu, E (2021a). Comparison
of the sustainability effects of high-intensity interval exercise and moderate-
intensity continuous exercise on cognitive flexibility. Int. J. Environ. Res.
Public Health 18:9631. doi: 10.3390/ijerph18189631

Tian, S., Mou, H., and Qiu, E (2021b). Sustained effects of high-intensity
interval exercise and moderate-intensity continuous exercise on inhibitory
control. Int. J. Environ. Res. Public Health 18:2687. doi: 10.3390/ijerph18052687

Tsai, C.-L., Pan, C.-Y,, Tseng, Y.-T., Chen, E-C., Chang, Y.-C., and Wang, T.-C.
(2021). Acute effects of high-intensity interval training and moderate-intensity
continuous exercise on BDNF and irisin levels and neurocognitive performance
in late middle-aged and older adults. Behav. Brain Res. 413:113472. doi:
10.1016/j.bbr.2021.113472

Tsujii, T, Komatsu, K., and Sakatani, K. (2013). Acute effects of physical exercise
on prefrontal cortex activity in older adults: a functional near-infrared spectroscopy
study. Adv. Exp. Med. Biol. 765, 293-298. doi: 10.1007/978-1-4614-4989-8_41

Vogiatzis, I., Louvaris, Z., Habazettl, H., Athanasopoulos, D., Andrianopoulos, V.,
Cherouveim, E., et al. (2011). Frontal cerebral cortex blood flow, oxygen
delivery and oxygenation during normoxic and hypoxic exercise in athletes.
J. Physiol. 589, 4027-4039. doi: 10.1113/jphysiol.2011.210880

Weng, T. B, Pierce, G. L., Darling, W. G., and Voss, M. W. (2015). Differential
effects of acute exercise on distinct aspects of executive function. Med. Sci.
Sports Exerc. 47, 1460-1469. doi: 10.1249/MSS.0000000000000542

Weston, M., Taylor, K. L., Batterham, A. M., and Hopkins, W. G. (2014).
Effects of low-volume high-intensity interval training (HIT) on fitness in
adults: a meta-analysis of controlled and non-controlled trials. Sports Med.
44, 1005-1017. doi: 10.1007/s40279-014-0180-z

Williams, R. A., Cooper, S. B., Dring, K. J., Hatch, L., Morris, J. G., Sunderland, C.,
et al. (2020). Effect of football activity and physical fitness on information
processing, inhibitory control and working memory in adolescents. BMC
Public Health 20:1398. doi: 10.1186/512889-020-09484-w

Yerkes, R. M., and Dodson, J. D. (1908). The relation of strength of stimulus
to rapidity of habit-formation. J. Comp. Neurol. Psychol. 18, 459-482. doi:
10.1002/cne.920180503

Conflict of Interest: 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.

Publisher’s Note: All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product that may
be evaluated in this article, or claim that may be made by its manufacturer, is
not guaranteed or endorsed by the publisher.

Copyright © 2022 Mou, Tian, Fang and Qiu. 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

February 2022 | Volume 13 | Article 766679


https://www.frontiersin.org/journals/psychology
www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles
https://doi.org/10.1016/j.nlm.2019.107128
https://doi.org/10.1037/hea0000343
https://doi.org/10.1016/j.nlm.2014.08.004
https://doi.org/10.1016/j.psychsport.2014.08.010
https://doi.org/10.3758/bf03207691
https://doi.org/10.1038/s41598-021-01630-7
https://doi.org/10.3390/ijerph18189631
https://doi.org/10.3390/ijerph18052687
https://doi.org/10.1016/j.bbr.2021.113472
https://doi.org/10.1007/978-1-4614-4989-8_41
https://doi.org/10.1113/jphysiol.2011.210880
https://doi.org/10.1249/MSS.0000000000000542
https://doi.org/10.1007/s40279-014-0180-z
https://doi.org/10.1186/s12889-020-09484-w
https://doi.org/10.1002/cne.920180503
http://creativecommons.org/licenses/by/4.0/

	The Immediate and Sustained Effects of Moderate-Intensity Continuous Exercise and High-Intensity Interval Exercise on Working Memory
	Introduction
	Materials and Methods
	Participants
	Spatial 2-Back Task
	Experimental Procedure
	Intervention Protocols
	Statistical Analysis

	Results
	Acute Exercise Performance
	Accuracy of the 2-Back Task
	Reaction Time of the 2-Back Task
	False Alarm Rate and d’ Scores

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions

	References

