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The present study examined the sustained effects of acute resistance exercise on
inhibitory function in healthy middle-aged adults. Seventy healthy middle-aged adults
(mean age = 46.98 + 5.70 years) were randomly assigned to exercise or control
groups, and the Stroop test was administered before, immediately after, and 40 min
after exercise. The resistance exercise protocol involved two sets of seven exercises
performed for a maximum of 10 repetitions, with 60 s between sets and exercises. Acute
resistance exercise resulted in higher Stroop test performance under the incongruent
(inhibition) and interference conditions immediately post-exercise and 40 min post-
exercise. Furthermore, the difference in scores after 40 min was significant. The findings
indicate that a moderately intensive acute resistance exercise could facilitate Stroop
performance and has a more beneficial effect on sustaining of cognition that involves
executive control at least 40 min.

Keywords: inhibitory control, executive function, resistance exercise, sustained effects, middle-aged adult

INTRODUCTION

Cognitive ability is important for daily life as a main component of the health-related quality of
life. However, the most impactful change in cognition with increasing age is declining executive
function (EF), with cognitive impairments severe enough to impair their everyday functional
abilities (Barnes, 2015; Murman, 2015). Encompassing a set of higher-order cognitive processes, EF
enables individuals to plan, organize, and complete tasks when engaging in goal-directed actions
and adaptive responses to novel or complex situations (Hillman et al., 2012). Age-related decline
of EF is the focus of numerous studies on cognitive aging (Salthouse, 2010; Chang et al., 2012b;
Lustig and Jantz, 2015; Fjell et al., 2017; Rey-Mermet and Gade, 2018), particularly in inhibitory
control among middle-aged adults (Chang and Etnier, 2009b; Chang et al., 2014, 2019), which could
be improved via physical activity, such as acute aerobic or resistance exercises (Byun et al., 2014;
Chang Y. K. et al., 2017).

According to meta-analyses of exercise and inhibitory control, acute aerobic or resistance
exercises have small to moderate effects on inhibitory control in middle-aged populations
(Yanagisawa et al, 2010; Chang et al., 2012b; Basso and Suzuki, 2017). Notably, in contrast
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to aerobic exercise, concentration levels of growth hormone (GH)
and insulin-like growth factor-1 (IGF-1) are strongly associated
with the degree of resistance exercise intensity (Gregory et al.,
2013), and increases in these concentrations are correlated with
inhibitory control improvements (Tsai et al., 2014). Furthermore,
a systematic review provides compelling evidence for the
occurrence of acute resistance exercise-induced increases in
inhibitory control performance (Wilke et al., 2019). Inhibitory
control refers to the ability to control one’s attention, behavior,
thoughts, or emotions to override a strong internal predisposition
or external lure while irrelevant information in the interference
control and inhibit a prepotent response to allow selection of
the appropriate responses (Diamond, 2013). Several studies have
observed improvements on inhibitory control after an acute bout
of resistance exercise (Chang and Etnier, 2009a; Chang et al.,
2014; Johnson et al., 2016; Naderi et al., 2019; Wilke et al., 2019).
Although the findings generally support a beneficial immediately
effect of acute resistance exercise on cognitive performance
(Chang and Etnier, 2009b; Forte et al., 2013; Chang et al., 2014,
2019; Naderi et al.,, 2019). The few studies that have examined
the delayed effects (post-training) on cognitive performance have
concluded that the benefits are not maintained (Pontifex et al.,
2009; Barella et al, 2010; Chang et al., 2019; Naderi et al,
2019). Thus, whether an acute bout of resistance exercise exerts a
sustained effect on inhibition in middle-aged individuals remains
to be clarified.

In reviewing the literature on sustained effects of resistance
exercise on inhibitory control, Chang and Etnier (2009a) and
Chang et al. (2014) both observed facilitation of performance
immediately after exercise relative to a control condition on a
Stroop task. Furthermore, Naderi et al. (2019) observed that
the exercise-induced gains on inhibitory control were larger
at 15 min than 180 min after an acute resistance exercise.
No such effect was observed for a low-intensity resistance
exercise bout, indicating that a moderate-intensity resistance
exercise bout was beneficial to inhibitory control. Tsukamoto
et al. (2017) observed similar facilitative yet immediate effects
of resistance exercise on inhibition relative to a pre-exercise
condition. Further support for the beneficial effects of acute
exercise on inhibitory control has been garnered from Johnson
et al. (2016) who observed facilitation in performance on a
Stroop Test after a 30-min recovery period after exercise, but
not following a delay of 30 or 60 min. Taken together, these
results suggest that changes in inhibitory control could be
similar facilitative benefits after 30 min of resistance exercise
relative to a pre-exercise condition. These inconsistencies
regarding sustained effects expose a lack of clarity regarding the
influence of resistance exercise on inhibitory control (Barella
et al.,, 2010; Naderi et al., 2019). Despite these initial inquiries
into the immediate benefits of acute resistance exercise for
inhibitory aspects of executive control, little research has
investigated its sustained effects over time (Barella et al., 2010;
Naderi et al., 2019).

Despite these initial inquiries into the effect of acute exercise
on inhibitory aspects of executive control, little research has
examined this relationship of the time course to the cognitive
benefits. Therefore, a rationale is raised for our current

theoretical understanding for the acute exercise intensity-
cognition interaction based on the arousal-performance
interaction theory. A prominent theoretical framework proposed
by Davey (1973) revealed that exercise intensity, and its effect
on arousal, influences cognitive performance in an inverted-
U manner. Specifically, inhibitory control was benefited by
moderate-intensity exercise compared to low-intensity exercise
(Tsukamoto et al., 2017; Naderi et al., 2019). In addition, the
critical indicators of psychophysiology such as insulin-like
growth factor, brain-derived neurotrophic factor, fibroblast
growth factor 2, and vascular endothelial growth factor (Chang
et al, 2012b; Tsai et al, 2014) suggested that moderate-
intensity resistance exercise influences cognition performance by
optimally elevating arousal.

The purposes of this study was to examine the immediate and
sustained effects of acute resistance exercise on inhibition at 5 and
40 min post-exercise after an acute resistance exercise. A previous
meta-analysis reported that the largest effects of exercise on
cognitive performance could generally be observed during a
period of 11-20 min after exercise (Chang et al., 2012a). However,
the latter time point was selected based on two lines of evidence.
The time point of 5 min immediately post-exercise was selected
based on a physiological stimulus for acute increases in GH and
IGF-1levels (Gregory et al., 2013). On other hand, the time point
of the 40 min post-exercise was selected due to reductions in
state anxiety during processes that influenced cognition. Previous
studies have most commonly examined cognition during the
initial 17 to 60 min post-exercises to determine acute exercise
effects on cognition (Johnson et al, 2016; Tsukamoto et al.,
2017). We, therefore, chose 5 min immediate post-exercise as
the time point to reflect the more effects of acute exercise on
inhibitory control performance. The purpose of this study was
to extend the literatures by including immediately post-exercise
and 40-min post-exercise that are theoretically and biologically
justifiable, and also focusing on changes in inhibitory control
performance after an acute resistance exercise. Therefore, we
hypothesized that healthy middle-aged adults participating in
acute resistance exercise would exhibit immediate improvement
in inhibitory control compared with those not participating
in the exercise treatment and that effects would be sustained
at least 40 min.

MATERIALS AND METHODS

Participants

A total of 70 community-dwelling healthy adults, aged 40-
60 years, were initially recruited in Taipei, Taiwan. The
potential participants were included if they met the following
criteria: (1) they met the requirements of the physical activity
readiness questionnaire (PAR-Q), to ensure their safety when
performing a single bout of exercise and (2) they achieved
a score of more than 26 on the Chinese version of the
mini-mental state examination (MMSE), verifying that they
may be considered cognitively normal (Guo et al, 1988).
The exclusion criteria were as follows: (1) the presence
of comorbid conditions, such as autism spectrum disorder,
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attention deficit hyperactivity disorder, intellectual disability,
and serious affective disorder; (2) history of brain injury or
neurological disorder; and (3) medical conditions involving
the presence of any neurological, psychiatric, musculoskeletal,
or cardiovascular problems that would affect exercise ability.
After assessment, the participants were randomly assigned to
an exercise group (n = 35) or a control group (n = 35)
by drawing lots. Detailed characteristics of the participants
are presented in Table 1. The study protocol, informed
consent, and all materials were reviewed and approved by
a university’s Institutional Review Board in Taipei prior
to the experiment.

Measures

Stroop Test

The Stroop test was developed by the Vienna Test System.
The Vienna test system is a test system for computerized
executive function assessments. With it, digital tests of executive
function can be administered and it provides automatic and
comprehensive scoring. It includes a series of computerized tasks.
Perceptual motor speed is measured when reading color words
(e.g., “red, “yellow,” “blue,” or “green”) and naming the color
that the word is (or is not) written in. The test uses correct
responses on time as reaction time. The test has 128 trials, with
5 trials for practice. Trials present the four types of Stroop task,
namely, the baseline of reading words and naming colors as the
congruent condition, and reading and naming words under the
incongruent condition; the difference in reaction time between
the conditions is the interference tendency and is referred to
as the Stroop effect. A positive value indicates an increased
interference tendency, whereas a negative value is characteristic
of a reduced interference tendency. In the congruent condition,
the reading word and naming color stimulus is displayed in the
color matching the meaning of the word (e.g., the word “red” is
presented in red color). In the incongruent condition, the reading
word stimulus is displayed in a color matching the meaning of
a different stimulus (e.g., the word “yellow” is displayed in blue
color). The participants must read the word (i.e., “yellow”) aloud
and disregard the color of the word is written in (ie., blue).
Alternatively, with the naming color stimulus, the participant
must state the color of the word (e.g., “red”) and disregard the
word’s meaning (e.g., the color green). The stimuli for each
condition were displayed on a 15-inch laptop screen, and the test
length was approximately 8 to 10 min. The validity and reliability
of the Stroop test has been extensively reported (Scarpina and
Tagini, 2017; Erdodi et al.,, 2018). The Stroop test was chosen for
the present study based on past evidence that it is both sensitive
to the effects of exercise and provides a reliable measure of EF for
healthy middle-aged adults (Chang and Etnier, 2009a).

Exercise Manipulation Check

Heart Rate

A Polar watch (Cybex 770T’s CardioTouch, United States) was
worn by each participant to measure the participant’s heart
rate (HR) during the resistance exercise stage, with the HR
data from the HR monitor being recorded at 1-min intervals.

TABLE 1 | Summary of the demographic characteristics of the participants.

Variables/Sex/Groups EG (n = 35) CG (n = 35) Total
Sex (M: F) 15:20 16:19 31:39
Age (years; M [SD]) Male 45.97 [6.57] 45.59 [4.24]

Female  46.72 [5.51] 49.22 [6.75] 46.98 [5.70]
Total 46.39 [5.47] 47.56 [5.95]
Height (cm; M [SD]) Male 172.53[4.61]  172.50[3.90]
Female 160.15[5.29] 158.32[3.86] 165.12[7.98]
Total 165.46 [7.94] 164.80[8.12]
Weight (kg; M [SD]) Male 73.95[5.81] 77.43[13.79]
Female  57.05 [5.88] 53.28 [4.76] 64.30 [13.14]
Total 64.29[10.25] 64.32[15.65]
Body mass index Male 24.85 [1.85] 25.84 [4.12]
(kg/m?; M [SD])
Female  22.22[1.70] 21.28 [2.00] 23.36 [3.12]
Total 23.35[2.19] 23.37 [3.86]
Education (years; M Male 17.20 [2.08] 17.06 [2.62]
[SD])
Female 15.80[1.82]  15.05[3.32] 16.19 [2.64]
Total 16.56 [2.53] 17.06 [2.62]
Resting HR (bpm) Male 73.60 [6.49] 72.63 [2.58]
Female 71.50[5.47]  70.37 [4.23] 71.90 [4.94]
Total 72.40 [5.93] 71.40 [3.70]
Mini-mental state Male 28.66 [0.82] 28.56 [0.89]
examination
Female  28.45[0.99] 28.47 [0.90] 28.53 [0.90]
Total 28.54 [0.92] 28.51[0.87]
Resistance exercise
Biceps curl-right (Ib) Male 39.07 [6.39] ~ 34.63 [6.16]
Female 3130 [3.24] ~
Biceps curl-left (Ib) Male 35.73[5.12] ~ 32.77 [5.50]
Female  30.55 [4.76] ~
Back lat pull down Male 88.93 [4.38] ~ 79.46 [9.34]
(Ib)
Female  72.35[4.22] ~
Chest fly (Ib) Male 53.87 [5.42] ~ 40.17 [13.36]
Female  29.90 [6.23] ~
Chest press (Ib) Male 84.67 [9.33] ~ 61.69 [21.84]
Female  44.45[7.74] ~
Leg curl (Ib) Male 79.47 [10.22] ~ 66.09 [14.02]
Female  56.05 [5.22] ~
Leg press (Ib) Male 175.20 [9.34] ~ 163.26 [13.41]
Female 154.30[7.78] ~

HR data were assessed as an indicator of the physiological
arousal induced by the resistance exercise. Four HR variables
were identified: pre-exercise HR, treatment HR, immediately
post-exercise HR, and 40-min post-exercise HR. Pre-exercise
HR was determined 60 s before the performance of the first
Stroop test (pre-exercise); the treatment HR was the average
HR during the moderate intensity or control treatment; and
the immediately post-exercise HR and 40-min post-exercise
HR were assessed 60 s before the participant performed the
Stroop tests for immediately post-exercise and 40 min post-
exercise, respectively.
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Rating of Perceived Exertion

Each participant completed the rating of perceived exertion
(RPE), which was defined as their perception of their own level
of effort during the exercise. According to the original scale by
Borg (1998), the RPE rates a participant’s perceived exertion on
a scale of 6 (“very, very light to fairly light exertion”) to 20
(“maximal exertion”). The RPE was recorded at 2-min intervals
during the exercise.

Resistance Exercise Design

The participants were instructed to avoid engaging in any
other resistance exercise training or any other physical activities
such as jogging, running, yoga, dance, tennis, or table tennis
for a week before the experimental session. The 10-repetition
maximum (RM) represents the maximum weight an individual
can successfully lift in 10 repetitions and approximates 70% of
the 1-RM. After stretching, the participants were asked to warm
up with light resistance exercise for 10 min, and were then
instructed to change the load and to continue the testing process
until they reached a load level that they would be able to lift
for a maximum of 10 repetitions. Generally, the instructor was
able to adjust the loads such that the 10-RM could be measured
within four testing sets. The following seven muscle exercises
were selected: the bench press, shoulder press, dumbbell rows,
alternating bicep curls, triceps pushdowns, leg extensions, and
leg curls (American College of Sports Medicine (ACSM), 2013).
The load for each of the exercises was determined using the
same protocol. The resistance exercise consisted of two sets of
10-RM tests for the seven resistance exercises with 60 s of rest
between sets and exercises. The protocol was selected based
on previous studies (Chang et al., 2014; Tsai et al., 2014) that
have indicated that cognitive performance could be affected
positively by using this protocol. HR and RPE, two commonly
used indicators for exercise intensity in EF studies, were used
to confirm that the participants achieved moderate exercise
intensity (Chang et al., 2019).

Procedures
The participants were requested to visit the Sport Pedagogy
Laboratory on two separate testing days at least 48 h apart.
Trained laboratory researchers administered questionnaires
regarding the inclusion criteria, the 10-RM tests for each of
the seven muscle groups, and the Stroop tests. On Day 1,
each participant was invited to visit the laboratory at the
confirmation stage and was presented with a brief introduction
to the experiment. The informed consent form, MMSE, PAR-Q,
and medical health history questionnaire were given to them to
read and complete. After completing the questionnaires on Day
1, each participant was asked to sit quietly, individually, on a
comfortable sofa in a dimly lit room for 15 min and instructed
to attach the HR monitor. After the 15-min period, the HR
baseline was recorded, and the participant’s 10-RM for each of
the muscle groups was determined. The participants were told to
avoid the use of stimulants such as caffeine the day before and the
day of the tests.

On Day 2, each participant was again asked to sit quietly,
individually, on a comfortable sofa in a dimly lit room for

15 min. Then, pretest scores for the Stroop test were collected,
and the participant was asked to press the correct color button
on the keyboard for each stimulus in each condition. In the
exercise groups, the participants then warmed up for 10 min
and conducted the resistance exercises for 25-30 min. At
the start of each session, the participants were fitted with a
Polar Cybex 770T’s CardioTouch HR monitor to assess their
physiological arousal and the effects of the selected intensities
on cardiovascular responses. Subjective RPE was collected after
each set of exercises using a category-interval rating scale ranging
from 6 (no exertion at all) to 20 (maximal exertion). In the control
group, the participants were instructed to sit quietly in a well-lit
room and read exercise-related magazines for 30 min.

Immediately post-exercise (3 to 5 min after the end of the
session), we asked each participant to complete the Stroop test
again using the same directions and under the same conditions as
the pre-exercise test. Afterward, the participant rested for 30 min
and then completed all four conditions of the Stroop test again
(40-min post-exercise stage). Each of the participants was given
US$20 as compensation for participating in the study and was
debriefed by a member of the research team.

RESULTS

Demographic Analyses

To ensure homogeneity of potential confounders between the
control and exercise groups, an analysis of independent samples
was applied using a t-test or a % test to compare demographic
data and pre-exercise variables with continuous and discrete
scales, respectively, between the groups. The analyses indicated
no significant differences between the groups for age (t = —0.85,
p =0.39), height (¢ = 0.34, p = 0.73), weight (£ = —0.01, p = 0.99),
BMI (t = —0.23, p = 0.99), years of education (t = 0.67, p = 0.50),
resting HR (t = 0.85, p = 0.40), or MMSE score (t = 0.13,
p =0.90). Furthermore, no differences were observed for sex ratio
(x% <0.91, p = 0.33). Descriptive data are summarized in Table 1.

Exercise Manipulation Check

One-way repeated ANOVA was used to analyze HR in the
exercise group, and the results revealed a significant time effect
(F(3,32) = 1027.75, p < 0.0001, partial n? = 0.99), indicating that
the treatment HR was significantly higher than the immediately
post-exercise HR and the follow-up HR, which was also
significantly higher than the pre-exercise HR. The average RPE
value during the resistance exercise was 15.25 % 1.46. Descriptive
data for the exercise manipulation check are summarized in
Table 2.

Effects of Resistance Exercises on

Stroop Performance

In the congruent condition of reading words and naming colors,
the 2 x 3 mixed ANOVA revealed a significant Time effect
(F(2,67) = 16.14 and 13.13, p < 0.0001, partial n? =0.33 and 0.28)
and significant interactions of Group with Time (F(2,67) = 5.06
and 4.66, p < 0.01, partial n? = 0.13 and 0.12). However, no
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TABLE 2 | Descriptive data for the exercise manipulation check.

Variables EG (M [SD])) CG (M [SD])
Pre-exercise HR (bpm) 73.66 [2.91] 72.86 [1.77]
Treatment HR (bpm) 122.74 [4.15] 73.86 [2.37]
Immediately post-exercise HR (bpm) 97.69 [2.76] 7417 [2.04]
40-min post-exercise HR (bpm) 89.71 [4.06] 73.83 [3.15]
RPE 15.26 [1.46] ~

bpm, beats per minute; HR, heart rate; RPE, rating of perceived exertion.

significant Group effect was observed (F(1,63) = 0.41 and 0.01,
p > 0.05). Follow-up decompositions indicated significant Time
effects for the congruent condition of reading words and naming
colors in the exercise group (F(2,33) = 13.21 and 11.44, p < 0.001,
partial n> = 0.45 and 0.41), wherein pairwise comparisons
revealed that the participants exhibited faster reaction times (RTs)
in the immediately and 40-min post-exercise tests than in the
pre-exercise test. No RT difference was observed between the
two post-exercise tests. As expected, no significant Time effects
were observed for the congruent condition of reading words
and naming colors in the control group (F(2,33) = 2.96 and
1.92, p > 0.05). The results under the congruent condition are
presented in Figures 1A,B.

To test the hypothesis regarding the effects of acute resistance
exercise on the incongruent condition of reading words and
naming colors, we conducted 2 x 3 mixed ANOVA. The
results revealed significant Time effects (F(2,67) = 17.06 and
13.80, p < 0.0001, partial n?> = 0.34 and 0.29) and significant
interactions of Group with Time (F(2,67) = 9.67 and 10.88,
p < 0.0001, partial n? = 0.22 and 0.25). The results also indicated
a significant Group effect (F(1,63) = 4.22 and 4.22, p < 0.05,
partial n? = 0.06 and 0.06). The exercise group exhibited faster
RTs than the control group did in the incongruent condition of
reading words and naming colors immediately post-exercise and
40-min post-exercise (f(68) = —3.04, —3.96, —3.02, and —3.07,
p < 0.01). Follow-up decompositions indicated significant Time
effects for the exercise group under the incongruent condition
of reading words and naming colors (F(2,33) = 20.72 and
20.64, p < 0.001, partial n? = 0.56 and 0.56), wherein pairwise
comparisons revealed that the participants again exhibited faster
RTs immediately and 40-min post-exercise than at pre-exercise,
and no significant difference was noted between the post-exercise
scores. As expected, no significant Time effects were observed
for the incongruent condition of reading words and naming
colors in the control group (F(2,33) = 1.33 and 0.24, p > 0.05).
The RTs under the incongruent condition are presented in
Figures 1C,D.

To test the hypothesis regarding the effects of acute resistance
exercise on the interference tendency of reading words and
naming colors as indicators of inhibitory control, we conducted
2 x 3 mixed ANOVA. The results revealed significant Time
effects (F(2,67) = 5.04 and 3.49, p < 0.01, partial n? = 0.13 and
0.10) and significant interactions of Group with Time under
the interference conditions (F(2,67) = 6.36 and 4.01, p < 0.05,
partial 2> = 0.11 and 0.11). A significant Group effect was
also observed (F(1,63) = 26.07 and 47.19, p < 0.001, partial

n? = 0.27 and 0.41). Notably, the exercise group had shorter
RTs than the control group immediately and 40-min post-
exercise (t(73) = —5.17, —5.29, —5.04, and —6.07, p < 0.001).
Follow-up decompositions indicated significant Time effects for
the exercise group (F(2,33) = 13.52 and 6.38, p < 0.01, partial
1% = 0.45 and 0.28), wherein pairwise comparisons revealed that
the participants exhibited faster RTs in the post-exercise tests than
in the pre-exercise test; no significant RT difference was observed
between the two post-exercise tests. As expected, no significant
Time effects were observed for the control group (F(2,33) = 1.17
and 0.08, p > 0.05). The results suggested that the responses of
the exercise group were quicker both immediately post-exercise
and 40-min post-exercise compared with those pre-exercise.
They were also significantly quicker than those of the control
group. The RTs for the interference tendency are presented in
Figures 1E,F.

DISCUSSION

This study examined the effects of a bout of acute resistance
exercise on inhibition performance in healthy middle-aged
adults - specifically, the sustained effects of resistance exercise
on the results of the Stroop test, which measures EF inhibition
and attention. Exercise intensity was assessed using HR and
RPE; HR was increased during the exercise session, immediately
post-exercise, and 40 min post-exercise, reflecting physiological
arousal. The participants in the exercise group had superior
performance in RT under the interference condition and
interference tendency immediately and 40 min post-exercise
relative to the control group. These findings suggest that
moderate-intensity resistance exercise has a beneficial effect on
inhibition immediately post-exercise and 40 min post-exercise.

The findings are consistent with those of previous studies
indicating that acute moderate-intensity resistance exercise has
advantageous effects on the results of the congruent and
incongruent conditions (Chang and Etnier, 2009a,b; Tsai et al.,
2014; Chang et al., 2019; Naderi et al., 2019). Given that
neuroimaging techniques have indicated that the prefrontal
cortex supports regulative control processes and is likely the
neural substrate for the improved Stroop performance elicited
by moderate resistance exercise (Chang Y. K. et al, 2017).
One possible interpretation for the positive effects of acute
resistance exercise on inhibitory control is that they might be
related to the plasma levels of neurochemicals such as brain-
derived neurotrophic factor and catecholamine (Ramel et al,
2004; French et al, 2007; McMorris et al., 2008). Findings
regarding resistance exercise in middle-aged individuals suggest
that such exercise could stimulate increases in HR and changes
in catecholamine levels and that such changes might explain
the general facilitation of performance under all Stroop test
conditions associated with resistance exercise (French et al., 2007;
Chang and Etnier, 2009a,b). At the same time, resistance exercise
may result in increased HR and may stimulate the secretion
of catecholamine, with elevated levels of catecholamine being
sustained 40 min after acute resistance exercise, which might, in
turn, provide optimal force and energy supplementation.
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However, the present hypothesis concerned whether the
effect on inhibitory control would be sustained 40 min after
the termination of acute resistance exercise. We observed an
effect immediately after exercise, and the performance of the
exercise group across a variety of the Stroop tasks supported
the hypothesis of a sustained effect, because the beneficial effect
in the exercise group compared with the control group was
sustained for at least 40 min. The exercise group had high
HR levels 40 min after the termination of exercise compared
with the control group, although the arousal levels were much
lower than those during and immediately after the exercise,
suggesting that the mechanisms that mediate the immediate
and sustained effects after the termination of exercise might
explain the sustained effect. This finding could be explained
by the cognitive-energetic model that the optimal arousal levels
drive cognitive performance (Sanders, 1983). In our study, the
intervention of acute resistance exercise induced an increase
in HRs that may be related to the exercise-induced increase
in arousal and lead to improved reaction time in inhibitory
control. Furthermore, the inhibitory control performance was
assessed immediately post-exercise while the heart rate was
closed to moderate arousal level. Although, the exercise-induced
arousal level would decrease with time, the effects were still
sustained at 40-min post-exercise. Therefore, our study results
supported and agreed with the cognitive-energetic model that
resistance exercise has an immediate benefit on inhibition and
the benefit can be sustained 40 min after the termination
of acute exercise.

After the cessation of resistance exercise, the participants
had higher levels of arousal immediately and 40 min post-
exercise compared to the control group, while these arousal
levels were significantly lower than those during exercise and
immediately after the cessation of resistance exercise. Indeed,
moderate exercise intensity may induce an optimal state of
physiological arousal (e.g., heart rate) that is associated with
facilitated inhibitory control performance (Kashihara et al.,
2009). Although, the mechanisms could mediate the effects
of resistance exercise immediately after the termination of
resistance exercise. Nevertheless, previous studies by Chang Y.
K. et al. (2017), Drollette et al. (2014), and Hillman et al.
(2009) provided potential explanations for this discrepancy
by using neuroelectric approaches. They have used event-
related potentials (ERPs) to observe that cognition after acute
exercise-induced arousal returned to within 10% of pre-exercise
levels to avoid any general arousal effects on ERP measures
stemming from exercise participation. Acute exercise elicited
brain activation by increasing P3 amplitudes, shortening P3
latencies, or decreasing N450 latency during the performance
of an executive control task. Their results suggested that
attentional resource allocation and information processing
efficiency during cognitive performance were promoted by
acute exercise, moderate-intensity exercise may result in an
optimal amount of resources. We designed the current study
because examination of Stroop performance and exercise-
induced arousal immediately post-exercise and 40 min post-
exercise is necessary, and is to certain the relationship
of the time course and resistance exercise to the benefit

of inhibitory control. Protocols examining different time
points provide information regarding the immediate effects
of exercise on inhibitory control and indicate how long the
effects continue; moreover, they reveal the role of arousal
in the relationship between acute exercise and inhibitory
control in middle age. Therefore, an active lifestyle has a
protective effect on healthy brain function in older adults
(Rolland et al., 2010). Acute resistance exercise is a potential
preventive strategy that might benefit brain function by delaying
the onset of cognitive decline and slowing brain disease
progression; however, well-designed randomized controlled trials
are required. Finally, with population aging, declines in EF
performance among middle-aged healthy adults, associated with
appropriate capacity for daily living skills, are of concern.
Our findings support the benefits of resistance training for
inhibitory control. Ascertaining appropriate prescriptions of
moderate-intensity resistance exercise for maximizing these
effects is desirable.

Limitations and Future Research

This study had limitations that warrant caution with respect to
the interpretation of its results and future research. Nonetheless,
based on the findings of the present study, further research
efforts in this field are suggested. First, the outcome of
the study may have been affected by the small size and
diversity of the sample; however, given the significance and
size of the effects, we believe that a larger sample size
would not have significantly altered the outcome. Second, an
additional limitation of these data is the inability to gain a
mechanistic understanding of the effects of acute resistance
exercise on inhibitory control. That is, despite the interesting
and positive sustained impacts about RT observed herein, little
is known regarding which accuracy of interference condition
and interference tendency on Stroop Test was influenced by an
acute resistance exercise bout. Third, future studies should be
designed to further our understanding of the measurement of
intra-subject variation (i.g., standard deviation and coefficient
of variation) for RTs. Meanwhile, the recording of ERPs could
be used to explore stimulus and response conflicts within
the processes underlying standard deviation and coefficient of
variation for RTs. Whether standard deviation and coeflicient
of variation for RTs are related to localized brain regions is
unknown, and neuroimaging could provide clarification. Because
the intra-subject variation in RTs is a measure of a subject’s
consistency in responding to the conditions of congruent and
incongruent stimuli, often quantified as the standard deviation
and coefficient of variation of intra-subject variation across
a task period; higher intra-subject variation, reflect in larger
standard deviations, is associated with greater variability, or
inconsistency, of responses. Finally, resistance exercise training
and arousal-induced alterations in lateral prefrontal cortex neural
activity (Yanagisawa et al., 2010), biochemical release (Hillman
et al, 2009; Chang et al, 2014), and cerebral blood flow
(Chang H. et al., 2017) have been posited. Future investigations
regarding the relationships between resistance exercise, cognitive
performance, and biophysiological mechanisms in middle-aged
adults are necessary.

Frontiers in Human Neuroscience | www.frontiersin.org

August 2021 | Volume 15 | Article 684848


https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles

Chou et al.

Resistance Exercise on Executive Function

CONCLUSION

Our findings suggest that moderate-intensity resistance exercise
promotes EF in healthy middle-aged adults. In summary, this
study has extended the literature by providing evidence that
acute resistance exercise has positive, sustained impacts on
multiple cognitive functions, as assessed by the Stroop test, in
healthy middle-aged adults. Furthermore, the results suggest that
moderate-intensity resistance exercises have positive impacts and
sustained effects on particular types of EF in middle-aged adults,
with those impacts being larger under task conditions that place
greater demands on inhibitory control cognition.

DATA AVAILABILITY STATEMENT

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

REFERENCES

American College of Sports Medicine (ACSM). (2013). ACSM’ guidelines for
Exercise Testing and Prescription, 9th Edn. New York: Lippincott Williams &
Wilkins.

Barella, L. A., Etnier, J. L., and Chang, Y. K. (2010). The immediate and delayed
effects of an acute bout of exercise on cognitive performance of healthy older
adults. J. Aging Phys. Act. 18, 87-98. doi: 10.1123/japa.18.1.87

Barnes, J. N. (2015). Exercise, cognitive function, and aging. Adv. Physiol. Educ. 39,
55-62. doi: 10.1152/advan.00101.2014

Basso, J. C., and Suzuki, W. A. (2017). The effects of acute exercise on mood,
cognition, neurophysiology, and neurochemical pathways: a review. Brain Plast.
2,127-152. doi: 10.3233/bpl- 160040

Borg, G. (1998). Borg’s Perceived Exertion and Pain Scales. US: Human Kinetics.

Byun, K., Hyodo, K., Suwabe, K., Ochi, G., Sakairi, Y., Kato, M., et al. (2014).
Positive effect of acute mild exercise on executive function via arousal-related
prefrontal activations: an fNIRS study. Neurolmage 98, 336-345. doi: 10.1016/
j.neuroimage.2014.04.067

Chang, H., Kim, K., Jung, Y. J., and Kato, M. (2017). Effects of acute high-intensity
resistance exercise on cognitive function and oxygenation in prefrontal cortex.
J. Exerc. Nutr. Biochem. 21, 1-8. doi: 10.20463/jenb.2017.0012

Chang, Y. K., Alderman, B. L., Chu, C. H., Wang, C. C,, Song, T. F., and Chen,
F.T.(2017). Acute exercise has a general facilitative effect on cognitive function:
a combined ERP temporal dynamics and BDNF study. Psychophysiology 54,
289-300. doi: 10.1111/psyp.12784

Chang, Y. K., Chen, F. T., Kuan, G., Wei, G. X,, Chu, C. H,, Yan, J,, et al. (2019).
Effects of acute exercise duration on the inhibition aspect of executive function
in late middle-aged adults. Front. Aging Neurosci. 11:227. doi: 10.3389/fnagi.
2019.00227

Chang, Y. K., and Etnier, J. L. (2009a). Effects of an acute bout of localized resistance
exercise on cognitive performance in middle-aged adults: a randomized
controlled trial study. Psychol. Sport Exerc. 10, 19-24. doi: 10.1016/j.psychsport.
2008.05.004

Chang, Y. K., and Etnier, J. L. (2009b). Exploring the dose-response relationship
between resistance exercise intensity and cognitive function. J. Sport Exerc.
Psychol. 31, 640-656. doi: 10.1123/jsep.31.5.640

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

Chang, Y. K., Pan, C. Y., Chen, F. T., Tsai, C. L., and Huang, C. C. (2012b). Effect
of resistance-exercise training on cognitive function in healthy older adults: a
review. J. Aging Phys. Act. 20,497-517. doi: 10.1123/japa.20.4.497

Chang, Y. K., Tsai, C. L., Huang, C. C., Wang, C. C,, and Chu, I. H. (2014).
Effects of acute resistance exercise on cognition in late middle-aged adults:

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by the University of Taipei’s Institutional
Review Board (IRB-2020-011). The patients/participants
provided their written informed consent to participate in this
study.

AUTHOR CONTRIBUTIONS

C-CC and C-JH contributed to conception and design of
the study and wrote sections of the manuscript. M-CH and
Y-HC organized the database. W-YW and M-YH performed
the statistical analysis. C-CC, M-CH, Y-HC, W-YW, MY-H,
and C-JH wrote the first draft of the manuscript. All authors
contributed to manuscript revision, read, and approved the
submitted version.

general or specific cognitive improvement? J. Sci. Med. Sport 17, 51-55. doi:
10.1016/j.jsams.2013.02.007

Davey, C. P. (1973). Physical exertion and mental performance. Ergonomics 16,
595-599. doi: 10.1080/00140137308924550

Diamond, A. (2013). Executive functions. Annu. Rev. Psychol. 64, 135-168.

Drollette, E. S., Scudder, M. R, Raine, L. B., Moore, R. D., Saliba, B. J., Pontifex,
M. B, et al. (2014). Acute exercise facilitates brain function and cognition in
children who need it most: an ERP study of individual differences in inhibitory
control capacity. Dev. Cogn. Neurosci. 7, 53-64. doi: 10.1016/j.dcn.2013.11.001

Erdodi, L. A., Sagar, S., Seke, K., Zuccato, B. G., Schwartz, E. S., and Roth, R. M.
(2018). The stroop test as a measure of performance validity in adults clinically
referred for neuropsychological assessment. Psychol. Assess. 30, 755-766. doi:
10.1037/pas0000525

Fjell, A. M., Sneve, M. H,, Grydeland, H., Storsve, A. B., and Walhovd, K. B. (2017).
The Disconnected brain and executive function decline in aging. Cereb. Cortex
27,2303-2317. doi: 10.1093/cercor/bhw082

Forte, R., Boreham, C. A,, Leite, J. C., De Vito, G., Brennan, L., Gibney, E. R,,
et al. (2013). Enhancing cognitive functioning in the elderly: multicomponent
vs resistance training. Clin. Interv. Aging 8,19-27. doi: 10.2147/cia.s36514

French, D. N., Kraemer, W. ], Volek, J. S., Spiering, B. A., Judelson, D. A., Hoffman,
J. R,, et al. (2007). Anticipatory responses of catecholamines on muscle force
production. J. Appl. Physiol. 102, 94-102. doi: 10.1152/japplphysiol.00586.2006

Gregory, S. M., Spiering, B. A., Alemany, J. A., Tuckow, A. P,, Rarick, K. R,,
Staab, J. S., et al. (2013). Exercise-induced insulin-like growth factor I system
concentrations after training in women. Med. Sci. Sports Exerc. 45, 420-428.
doi: 10.1249/mss.0b013e3182750bd4

Guo, N. W,, Liu, H. C.,, Wong, P. F,, Liao, K. K,, Yan, S. H.,, Lin, K. P, et al. (1988).
Chinese version and norms of the mini-mental state examination. J. Rehabil.
Med. Assoc. 16, 52-59.

Hillman, C. H., Buck, S. M., Themanson, J. R., Pontifex, M. B., and Castelli, D. M.
(2009). Aerobic fitness and cognitive development: event-related brain potential
and task performance indices of executive control in preadolescent children.
Dev. Psychol. 45, 114-129. doi: 10.1037/a0014437

Hillman, C. H., Kamijo, K., and Pontifex, M. B. (2012). “The relation of ERP
indices of exercise to brain health and cognition” in Functional Neuroimaging
in Exercise and Sport Sciences. eds H. Boecker, C. Hillman, L. Scheef, and H.
Striidder (New York: Springer), 419-446. doi: 10.1007/978-1-4614-3293-7_18

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

Kashihara, K., Maruyama, T., Murota, M., and Nakahara, Y. (2009). Positive
effects of acute and moderate physical exercise on cognitive function. J. Physiol.
Anthropol. 28, 155-164. doi: 10.2114/jpa2.28.155

Frontiers in Human Neuroscience | www.frontiersin.org

August 2021 | Volume 15 | Article 684848


https://doi.org/10.1123/japa.18.1.87
https://doi.org/10.1152/advan.00101.2014
https://doi.org/10.3233/bpl-160040
https://doi.org/10.1016/j.neuroimage.2014.04.067
https://doi.org/10.1016/j.neuroimage.2014.04.067
https://doi.org/10.20463/jenb.2017.0012
https://doi.org/10.1111/psyp.12784
https://doi.org/10.3389/fnagi.2019.00227
https://doi.org/10.3389/fnagi.2019.00227
https://doi.org/10.1016/j.psychsport.2008.05.004
https://doi.org/10.1016/j.psychsport.2008.05.004
https://doi.org/10.1123/jsep.31.5.640
https://doi.org/10.1016/j.brainres.2012.02.068
https://doi.org/10.1123/japa.20.4.497
https://doi.org/10.1016/j.jsams.2013.02.007
https://doi.org/10.1016/j.jsams.2013.02.007
https://doi.org/10.1080/00140137308924550
https://doi.org/10.1016/j.dcn.2013.11.001
https://doi.org/10.1037/pas0000525
https://doi.org/10.1037/pas0000525
https://doi.org/10.1093/cercor/bhw082
https://doi.org/10.2147/cia.s36514
https://doi.org/10.1152/japplphysiol.00586.2006
https://doi.org/10.1249/mss.0b013e3182750bd4
https://doi.org/10.1037/a0014437
https://doi.org/10.1007/978-1-4614-3293-7_18
https://doi.org/10.1123/japa.2015-0097
https://doi.org/10.1123/japa.2015-0097
https://doi.org/10.2114/jpa2.28.155
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles

Chou et al.

Resistance Exercise on Executive Function

Lustig, C., and Jantz, T. (2015). Questions of age differences in interference control:
when and how, not if? Brain Res. 1612, 59-69. doi: 10.1016/j.brainres.2014.10.
024

McMorris, T., Kaelin Collard, K., Corbett, J., and Dicks, M. (2008). A test of
the catecholamines hypothesis for an acute exercise-cognition interaction.
Pharmacol. Biochem. Behav. 89, 106-115. doi: 10.1016/j.pbb.2007.11.007

Murman, D. L. (2015). The Impact of Age on Cognition. Serm. Hear. 36, 111-121.
doi: 10.1055/s-0035-1555115

Naderi, A., Shaabani, F., Esmaeili, A., Borella, E., and Degens, H. (2019). Effects
of low and moderate acute resistance exercise on executive function in
community-living older adults. Sport Exerc. Perform. Psychol. 8, 106-122. doi:
10.1037/spy0000135

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

Ramel, A., Wagner, K. H., and Elmadfa, I. (2004). Correlations between
plasma noradrenaline concentrations, antioxidants, and neutrophil counts after
submaximal resistance exercise in men. Br. J. Sports Med. 38:e22. doi: 10.1136/
bjsm.2003.007666

Rey-Mermet, A., and Gade, M. (2018). Inhibition in aging: what is preserved? What
declines? A meta-analysis. Psychon. Bull. Rev. 25, 1695-1716. doi: 10.3758/
s13423-017-1384-7

Rolland, Y., van Kan, G. A,, and Vellas, B. (2010). Healthy brain aging: role of
exercise and physical activity. Clin. Geriatr. Med. 26, 75-87. doi: 10.1016/j.cger.
2009.11.002

Salthouse, T. (2010). Selective review of cognitive aging. J. Int. Neuropsychol. Soc.
16, 754-760. doi: 10.1017/S13556177710000706

Sanders, A. F. (1983). Towards a model of stress and human
performance. Acta Psychol. 53, 61-97. doi: 10.1016/0001-6918(83)
90016-1

Scarpina, F., and Tagini, S. (2017). The Stroop Color and Word Test. Front. Psychol.
8:557. doi: 10.3389/fpsyg.2017.00557

Tsai, C. L., Wang, C. H,, Pan, C. Y., Chen, F. C, Huang, T. H., and Chou, F. Y.
(2014). Executive function and endocrinological responses to acute resistance
exercise. Front. Behav. Neurosci. 8:262. doi: 10.3389/fnbeh.2014.00262

Tsukamoto, H., Suga, T., Takenaka, S., Takeuchi, T., Tanaka, D., Hamaoka, T.,
etal. (2017). An acute bout of localized resistance exercise can rapidly improve
inhibitory control. PLoS One 12:¢0184075. doi: 10.1371/journal.pone.0184075

Wilke, J., Giesche, F., Klier, K., Vogt, L., Herrmann, E., and Banzer, W. (2019).
Acute effects of resistance exercise on cognitive function in healthy adults:
a systematic review with multilevel meta-analysis. Sports Med. 49, 905-916.
doi: 10.1007/s40279-019-01085-x

Yanagisawa, H., Dan, I, Tsuzuki, D., Kato, M., Okamoto, M., Kyutoku, Y.,
et al. (2010). Acute moderate exercise elicits increased dorsolateral prefrontal
activation and improves cognitive performance with Stroop test. Neurolmage
50, 1702-1710. doi: 10.1016/j.neuroimage.2009.12.023

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 © 2021 Chou, Hsueh, Chiu, Wang, Huang and Huang. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Human Neuroscience | www.frontiersin.org

August 2021 | Volume 15 | Article 684848


https://doi.org/10.1016/j.brainres.2014.10.024
https://doi.org/10.1016/j.brainres.2014.10.024
https://doi.org/10.1016/j.pbb.2007.11.007
https://doi.org/10.1055/s-0035-1555115
https://doi.org/10.1037/spy0000135
https://doi.org/10.1037/spy0000135
https://doi.org/10.1249/mss.0b013e3181907d69
https://doi.org/10.1136/bjsm.2003.007666
https://doi.org/10.1136/bjsm.2003.007666
https://doi.org/10.3758/s13423-017-1384-7
https://doi.org/10.3758/s13423-017-1384-7
https://doi.org/10.1016/j.cger.2009.11.002
https://doi.org/10.1016/j.cger.2009.11.002
https://doi.org/10.1017/S13556177710000706
https://doi.org/10.1016/0001-6918(83)90016-1
https://doi.org/10.1016/0001-6918(83)90016-1
https://doi.org/10.3389/fpsyg.2017.00557
https://doi.org/10.3389/fnbeh.2014.00262
https://doi.org/10.1371/journal.pone.0184075
https://doi.org/10.1007/s40279-019-01085-x
https://doi.org/10.1016/j.neuroimage.2009.12.023
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles

	Sustained Effects of Acute Resistance Exercise on Executive Function in Healthy Middle-Aged Adults
	Introduction
	Materials and Methods
	Participants
	Measures
	Stroop Test

	Exercise Manipulation Check
	Heart Rate
	Rating of Perceived Exertion

	Resistance Exercise Design
	Procedures

	Results
	Demographic Analyses
	Exercise Manipulation Check
	Effects of Resistance Exercises on Stroop Performance

	Discussion
	Limitations and Future Research

	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	References


