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Abstract
We previously determined that improvement in cognitive inhibitory control (IC) im-
mediately after localized resistance exercise was greater for high-intensity resist-
ance exercise (HRE) than for low-intensity resistance exercise (LRE). However, our 
previous study used the same total repetitions (i.e., same repetitions per set) between 
HRE and LRE; therefore, the difference in postexercise IC improvement might be 
due to a difference in work volume (i.e., intensity × total repetitions). In this study, 
we compared the effect of high-volume (HV)-LRE to that of volume-matched HRE 
on postexercise IC improvements. Twenty-two healthy, young males performed both 
HV-LRE and HRE in a crossover design. Exercise loads for HV-LRE and HRE were 
set at 35% and 70% of one-repetition maximum, respectively. The bilateral knee ex-
tension exercises for HV-LRE and HRE were programmed for six sets with 20 and 
10 repetitions, respectively, per set. IC was measured using the color-word Stroop 
task (CWST) at six time points; baseline, pre-exercise, immediate postexercise, and 
every 10 min during the 30-min postexercise recovery period. The reverse-Stroop 
interference score decreased significantly immediately after HV-LRE and HRE com-
pared with that before each exercise (decreasing rate >34 and >38%, respectively, vs. 
baseline and pre-exercise; all ps < .05), and the decreased score remained significant 
until 20 min after both protocols (decreasing rate >40 and >38%, respectively, vs. 
baseline and pre-exercise; all ps < .05). The degree of the postexercise IC improve-
ments did not differ significantly between the two protocols. These findings suggest 
that HV-LRE improves IC in a similar manner to volume-matched HRE.
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1 |  INTRODUCTION

Skeletal muscle weakness, as seen in decreased muscle mass 
and strength, is a prominent factor that indicates poor prog-
nosis in older individuals and patients with chronic diseases 
(Ruiz et al., 2008). Many people with skeletal muscle weak-
ness also present decreased cognitive function (Chang, Hsu, 
Wu, Huang, & Han, 2016), which is also a poor prognostic 
factor (DeCarli,  2003). Because a complication of skeletal 
muscle weakness and decreased cognitive functions addi-
tively exacerbate physical inactivity (Atkinson et al., 2005), 
resolution of this public health problem worldwide is now 
urgent. Resistance exercise is the most beneficial strategy 
for increasing and/or maintaining skeletal muscle mass 
and strength (American College of Sports Medicine, 2009; 
Williams et  al.,  2007). Furthermore, recent studies deter-
mined that long-term resistance exercise could improve 
cognitive functions in various populations, including older 
individuals and patients with chronic diseases (Northey, 
Cherbuin, Pumpa, Smee, & Rattray, 2018; Wilke et al., 2019). 
Therefore, resistance exercise is recognized as the effective 
strategy in preventing both skeletal muscle weakness and de-
creased cognitive function.

Cognitive inhibitory control (IC) is defined as the sup-
pression of behavior in response to either internal or exter-
nal stimuli (Ozonoff & Strayer, 1997), which is necessary to 
prevent the implementation of an unrequired action (Coxon, 
Stinear, & Byblow,  2007). Previous studies reported that 
whole-body resistance exercise involving multiple events 
(e.g., combinations of leg press, leg curl, bench press, and 
lat pull-down, etc.) could improve IC immediately after 
exercise in some populations (Alves et  al.,  2012; Brush, 
Olson, Ehmann, Osovsky, & Alderman, 2016; Chang, Tsai, 
Huang, Wang, & Chu,  2014; Engeroff, Niederer, Vogt, & 
Banzer, 2019; Johnson et al., 2016). Additionally, we demon-
strated an immediate positive effect of localized resistance 
exercise, performed with knee extension, on postexercise IC 
(Tsukamoto, Takenaka, et al., 2017). However, little is known 
about the sustainable effect (i.e., duration of postexercise IC 
improvements) of resistance exercise-induced improvements 
in cognitive functions, including IC, during postexercise 
recovery. Brush et al.  (2016) reported that although IC im-
proved 15  min after whole-body resistance exercise with 
high-intensity load, this IC improvement reversed during the 
180-min postexercise recovery. Johnson et al. (2016) reported 
that although IC improved immediately after moderate-inten-
sity whole-body resistance exercises with a 10- or 30-min 
duration, this IC improvement reversed during the 30-min 
postexercise recovery. Considering the results of these previ-
ous studies, the extent of postexercise IC improvements that 
can be sustained after resistance exercise remains unknown. 
We previously examined the effect of aerobic exercise pro-
tocols on IC improvement dynamics throughout the 30-min 

postexercise recovery period and determined that this sus-
tainable effect is different among the aerobic exercise proto-
cols (Hashimoto et al., 2018; Tanaka et al., 2018; Tsukamoto 
et al., 2016a, 2016b, 2018; Tsukamoto, Takenaka, et al., 
2017). Therefore, in addition to the immediate effect, the sus-
tainable effect is an important indicator in understanding the 
potential effect of aerobic exercise protocols on IC. Taken to-
gether, the changes in IC improvements during the postexer-
cise recovery periods may be useful information for creating 
an effective resistance exercise program to improve IC.

Our previous study determined that the immediate postex-
ercise improvement in IC was greater following high-inten-
sity resistance exercise (HRE) than following low-intensity 
resistance exercise (LRE; Tsukamoto, Suga, et al., 2017). 
However, we used the same total repetitions (i.e., same rep-
etitions per set) between the two protocols. In the case of 
aerobic exercise, exercise volume, which is the product of 
exercise intensity and duration, plays an important role in 
determining the degree of exercise-induced IC improve-
ments (Tsukamoto, Takenaka, et al., 2017). Hence, the dif-
ference in immediate postexercise IC improvement between 
LRE and HRE may be due to the difference in work volume, 
which is the product of exercise load and total repetitions. 
Considering this, we hypothesized that even with lower 
loads, IC improvements following high-volume (HV)-LRE 
with increased total repetitions may approach that following 
HRE. Therefore, the primary purpose of the present study 
was to compare the  effect of HV-LRE and volume-matched 
HRE on postexercise IC improvements. Additionally, the 
secondary purpose of the present study was to determine 
the sustainable effect of IC improvements during the 30-min 
postexercise recovery in HV-LRE and HRE.

2 |  METHODS

2.1 | Subjects

Twenty-two healthy, young males (age: 21.2  ±  0.5  years, 
body height: 174.1 ± 0.9 cm, body weight: 66.2 ± 1.2 kg) 
participated in this study. Prior to this study, we calculated 
the required sample size utilizing an effect size of 0.31, an 
α-level of 0.05, and a β-level of 0.2 (80% power), based on 
the data of a two-way repeated-measures analysis of variance 
for main outcome measure (i.e., the reverse-Stroop interfer-
ence score) in our previous study (Tsukamoto et al., 2016b). 
The calculated necessary number of subjects was 14; thus, 
this study has an adequate sample size to ensure statistical 
power and sensitivity. The subjects were recreationally active 
and participated in physical exercise (e.g., resistance exercise 
and/or aerobic exercise) for 2–4 hr per week. The subjects 
provided written informed consent upon having the experi-
mental procedures and potential risks described to them. The 
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color-word Stroop test (CWST) was performed using the 
subject's right hand. All subjects were considered right-hand 
dominant, which was ascertained by asking each subject 
which hand they preferred to use for writing. Furthermore, 
they were free of any known neurological, cardiovascular, 
and pulmonary disorders, as well as free from color-blind-
ness and abnormal vision. All subjects were instructed to 
avoid strenuous physical activity in the 24 hr prior to each 
experimental session. Each subject also abstained from food, 
caffeine, and alcohol for 12 hr prior to each experiment, and 
was not taking any medications that may affect cognitive per-
formance. This study was approved by the Ethics Committee 
of Ritsumeikan University and conducted according to the 
Declaration of Helsinki.

2.2 | Experimental design

This study conducted a crossover design experiment in which 
subjects were required to attend the laboratory for a total of 
three separate occasions. In the first visit, the subjects com-
pleted a familiarization visit where they practiced the three 
types of CWST for each a minimum of 10 times until they 
achieved consistent scores. During this visit, one-repetition 
maximum (1-RM) of the bilateral knee extension was also 
measured for the main experimental equipment.

Experimental procedures of HV-LRE and HRE are pre-
sented in Figure  1. In the second and third visits, subjects 
abstained from food, caffeine, and alcohol for 12 hr prior to 
the experiment, and were not taking any medications that 
may affect cognitive performance. On each experiment, the 
subjects practiced the three CWST types for each a minimum 
of five times before the experimental session to minimize the 
learning effect. Then, the subjects rested for 5  min before 

undergoing physiological and psychological parameter mea-
surements. After these baseline data were collected, the sub-
jects performed the baseline CWST.

Next, the subjects performed a warm-up exercise at 50 W 
for 5  min using a bicycle ergometer (Life Fitness), similar 
to our previous study (Tsukamoto, Suga, et al., 2017). Heart 
rate (HR) and rating of perceived exertion (RPE) at the end 
of the warm-up exercise were recorded. After the warm-up 
exercise, the subjects rested for 5 min and then performed the 
pre-exercise CWST to confirm if the warm-up exercise did 
not affect IC.

Subsequently, the subjects completed either HV-LRE or 
HRE. The CWST was performed again immediately after the 
completion of the exercise session and then repeated three 
times at 10-min intervals during the 30-min postexercise 
recovery period in order to evaluate the sustainable effects 
of postexercise IC improvements, as in our previous studies 
(Hashimoto et al., 2018; Tanaka et al., 2018; Tsukamoto et al., 
2016a, 2016b, 2018; Tsukamoto, Takenaka, et al., 2017).

HR, RPE, and quadriceps femoris EMG activity during 
exercise session were measured in every set to determine car-
diovascular, and perceptual, and neuromuscular responses. 
Capillary blood samples were taken from the fingertip and 
collected immediately before all six CWSTs to assess the ef-
fect of metabolic conditions on IC. Felt arousal scale (FAS) 
and visual analogue scale (VAS) were measured immediately 
after all CWSTs to assess the effect of psychological condi-
tions on IC.

2.3 | Experimental protocols

All subjects performed both HV-LRE and HRE in a randomized 
and counterbalanced order. Our previous study used 40% and 

F I G U R E  1  Experimental procedures of high-volume low-intensity resistance exercise (HV-LRE) and high-intensity resistance exercise 
(HRE) sessions. Exercise loads for the HV-LRE and HRE were set at 35% and 70% of one-repetition maximum, respectively. The bilateral knee 
extension exercise sessions for the HV-LRE and HRE were programmed for six sets with 20 and 10 repetitions, respectively, per set. The color-
word Stroop task (CWST)-measured IC was administered at baseline, pre-exercise (i.e., Pre), immediately after exercise (i.e., 0 min at postexercise 
recovery), and every 10 min during the 30-min postexercise recovery period

20 reps × 6 sets 
(19 min)

Baseline W-up
(5 min)

Pre

10 reps × 6 sets 
(17 min)

Rest 
(5 min)

0 min 10 min 20 min 30 min

Post-exercise recovery

Rest Rest Rest 

Rest 
(2 min)

CWST CWST CWST CWST CWST CWST

HV-LRE

HRE
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80% of 1-RM for LRE and HRE, respectively (Tsukamoto, 
Suga, et al., 2017). However, some subjects needed to lower 
their exercise loads to maintain proper form for the knee ex-
tension during HRE. The present study required the use of the 
same work volume between HV-LRE and HRE. Hence, the 
HV-LRE and HRE were set at 35% and 70% of 1-RM, respec-
tively, and all subjects fully completed each exercise session. 
Both protocols were performed with the bilateral knee exten-
sion using an exercise machine (Life Fitness). To perform the 
same exercise volume, the bilateral knee extension exercises of 
HV-LRE and HRE were programmed for six sets with 20 and 
10 repetitions (1-s concentric contraction/1-s eccentric contrac-
tion), respectively, per set. The concentric and eccentric con-
traction paces were assisted with an auditory metronome. Rest 
intervals between sets for both protocols lasted 3 min. The two 
conditions were separated by at least 72 hr, and the maximum 
interval between the conditions was 7 days.

2.4 | 1-RM

On the first visit, the subjects’ 1-RM was determined by a 
successful concentric contraction of bilateral knee extension 
to calculate exercise loads for both HV-LRE and HRE, as 
previously described (Suga et al., 2009; Takada et al., 2012; 
Tsukamoto, Suga, et al., 2017). The mean value of the bilat-
eral knee extension 1-RM in all subjects was 116 ± 4 kg. The 
mean values of loads for HV-LRE and HRE were 41 ± 1 and 
81 ± 3 kg, respectively.

2.5 | HR

HR was measured continuously via telemetry (RS400; Polar 
Electro Japan). Peak HR was collected for every set during 
the exercise session, and the mean value of all six sets was 
calculated for analysis.

2.6 | RPE

Borg's RPE scale was measured to assess perceived exertion 
expended during cycling warm-up and resistance exercise, 
and this scale ranged from 6 (no exertion) to 20 (maximal ex-
ertion) (Borg, 1982). RPE was collected for every set during 
the exercise session, and the mean value of all six sets was 
calculated for analysis.

2.7 | Quadriceps femoris EMG activity

Prior to the application of electrodes, the subject's skin was 
shaved, abraded, and cleaned with alcohol to minimize 

skin impedance. EMG signals were recorded with sur-
face electrodes from the quadriceps vastus lateralis, vastus 
medialis, and rectus femoris muscles. The EMG signals 
were amplified 1,000 times, band-pass filtered between 
10 and 500 Hz, and sampled at 1,000 Hz (MQ-Air; Kissei 
Comtech). The EMG activity of each muscle during HV-
LRE and HRE was quantified as the integration of the rec-
tified EMG (iEMG) over 1  s. The iEMG was normalized 
to the highest EMG (the average value over 1 s) that was 
obtained during the two trials of knee extension maximal 
voluntary contractions, which was measured after CWST 
was completed at the 30-min postexercise recovery period. 
Peak iEMG activities of the three quadriceps femoris mus-
cles were calculated for every set during the experimental 
session. The peak iEMGs of each muscle were averaged on 
the last 10 repetitions for HV-LRE and all the 10 repetitions 
for HRE were averaged in their respective categories. Mean 
values of peak iEMGs of all six sets for each muscle were 
calculated for analysis.

2.8 | Blood metabolites

Blood glucose and lactate levels were measured using a glu-
cose (Medisafe FIT Blood Glucose Meter; Terumo) and lac-
tate analyzer (Lactate Pro 2; Arkray), respectively.

2.9 | Psychological conditions

FAS is a 6-point, single-item scale ranging from 1 (low-
arousal) to 6 (high arousal) (Svebak & Murgatroyd, 1985). 
VAS consisted of questions of three psychological types 
that assess mental fatigue, concentration, and motivation. 
Each VAS was labeled from 0 (i.e., not at all) to 100 mm 
(i.e., extremely). Subjects drew lines to indicate their 
response.

2.10 | CWST-measured IC

The CWST was administered to determine IC (Stroop, 1935), 
as previously described (Hashimoto et  al.,  2018; Tanaka 
et  al.,  2018; Tsukamoto et al., 2018; Tsukamoto, Suga, 
et al., 2017; Tsukamoto et al., 2016a, 2016b; Tsukamoto, 
Takenaka, et al., 2017). In brief, the stimulus words were 
four color names (“RED,” “YELLOW,” “GREEN,” and 
“BLUE”), and they were presented on a 98-inch display. 
The three types of the CWST consisted of two color text 
tasks (i.e., congruent and incongruent tasks) and one con-
trol black text task (i.e., neutral task). One trial of each 
type of the CWST consisted of 24 stimulus words. The 
three CWST types were repeated for each three trials. The 
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reaction time and response accuracy for each trial were 
collected and the mean values of the three trials of each 
CWST type were calculated for analysis. The IC was as-
sessed using the reverse-Stroop interference score, which 
was defined as the difference between reaction times of 
the neutral and incongruent tasks. The reverse-Stroop in-
terference score was calculated as [(reaction time of in-
congruent task  −  reaction time of neutral task)/reaction 
time of neutral task  ×  100] (Ikeda, Hirata, Okuzumi, & 
Kokubun, 2010).

2.11 | Statistical analysis

Data are expressed as the mean  ±  SEM. Mean values of 
measured variables (i.e., HR, RPE, and quadriceps femoris 
EMG activity) during HV-LRE and HRE were compared 
using a paired Student's t test. Changes in measured varia-
bles throughout the two experimental sessions were analyzed 
using two-way (2 conditions × 6 times) repeated-measures 
analysis of variance with post hoc Bonferroni correction. If 
the sphericity assumption was not met, Greenhouse-Geisser 
corrections were used. Specific difference between the 
two protocols was identified with a paired Student's t test. 
Statistical significance level was defined at p < .05. All sta-
tistical analyses were conducted using IBM SPSS software 
(Ver. 19.0, IBM Corp).

The Cohen's d effect size using the pooled standard devi-
ation was calculated to determine the magnitude of a differ-
ence in measured variables between condition or time points 
(Cohen, 1992). The magnitude of Cohen's d effect size was 
interpreted as small (0.20–0.49), medium (0.50–0.79), and 
large (>0.80). Partial eta squared (�2

p
) values were determined 

as a measure of the effect size for main effects of condition 
and time and an interaction effect.

3 |  RESULTS

3.1 | Measured variables during warm-up 
and exercise sessions

The HR (88.6 ± 2.0 and 90.5 ± 2.1 bpm) and RPE (8.3 ± 0.4 
and 8.5 ± 0.3) at the end of warm-up exercise did not dif-
fer significantly between HV-LRE and HRE sessions (both 
ps > .05).

Mean values of HR, RPE, and quadriceps femoris EMG 
activity during HV-LRE and HRE are shown in Table  1. 
Mean values of HR and RPE did not differ significantly be-
tween HV-LRE and HRE. In contrast, mean values from all 
three quadriceps femoris EMG activities were significantly 
higher during HRE than during HV-LRE (all ps  <  .01; 
ds = 0.68–1.24).

3.2 | Changes in blood metabolites 
throughout experimental session

Changes in blood glucose and lactate levels throughout HV-
LRE and HRE sessions are shown in Table 2. Blood glucose 
analysis revealed a significant main effect for time (F(2.76, 57.88)  
= 4.59, p = .007, �2

p
=0.18). Post hoc comparisons for the time 

main effect indicated trends against significance for lower 
blood glucose at 20 min after exercise than that before exer-
cise (p =  .60 and .57 vs. baseline and pre-exercise, respec-
tively). Blood lactate analysis revealed significant main 
effects for condition (F(1,21) = 5.89, p = .024, �2

p
=0.22) and 

time (F(1.41, 29.54)  =  186.67, p  <  .001, �2
p
=0.90). A trend 

against significance was also obtained for an interaction effect 
(F(2.23, 46.90) = 2.65, p = .075, �2

p
=0.11). Post hoc comparisons 

for the condition main effect indicated that blood lactate was 
significantly higher for HV-LRE than for HRE (p  =  .024). 
Post hoc comparisons for the time main effect indicated that 
blood lactate was significantly higher immediately after exer-
cise than before exercise (both ps < .001 vs. baseline and pre-
exercise). The higher blood lactate remained significant until 
the 30-min postexercise recovery period (all ps  <  .001 vs. 
baseline and pre-exercise). Blood lactate levels from 10 to 
30 min after exercise were significantly higher with HV-LRE 
than with HRE (all ps < .05, ds = 0.35–0.39). A trend against 
such significance was observed for blood lactate immediately 
after exercise (p = .081, d = 0.031).

3.3 | Changes in the CWST-measured IC 
throughout experimental session

Changes in reaction times on three types of the CWST 
throughout HV-LRE and HRE sessions are shown in Table 3. 
Reaction time analyses for all three CWST types revealed a 

T A B L E  1  Mean values of heart rate, rating of perceived exertion, 
and quadriceps femoris electromyographic activity during high-
volume low-intensity resistance exercise (HV-LRE) and high-intensity 
resistance exercise (HRE)

HV-LRE HRE

Heart rate, bpm 122.3 ± 3.5 122.0 ± 3.4

Rating of perceived exertion 15.2 ± 0.3 15.1 ± 0.2

Peak EMG

Vastus lateralis, % of MVC 80.6 ± 4.3a 101.1 ± 6.2

Vastus medialis, % of MVC 79.3 ± 5.3a 98.2 ± 6.5

Rectus femoris, % of MVC 65.1 ± 3.6a 103.0 ± 8.5

Note: Values are presented as Mean ± SEM. Mean value of all six sets for each 
variable was calculated for analysis.
Abbreviations: EMG, electromyography; MVC, maximal voluntary contraction.
aSignificant difference (p < .01) between conditions. 
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significant main effect for time (F(5,105) = 13.03, p <  .001, 
�

2
p
=0.38 for congruent task; F(5,105) = 9.07, p < .001, �2

p
=0.30 

for neutral task; F(3.23, 67.83) = 19.77, p < .001, �2
p
=0.49 for 

incongruent task). Post hoc comparisons for the time main 
effect of congruent task indicated that reaction time was sig-
nificantly shorter immediately after exercise than before exer-
cise (both ps  <  .001 vs. baseline and pre-exercise). The 

shorter congruent reaction time remained significant until the 
20-min postexercise recovery period (all ps = .05). Post hoc 
comparisons for the time main effect of neutral task indicated 
that reaction time was significantly shorter immediately after 
exercise than before exercise (p = .002 and .001 vs. baseline 
and pre-exercise, respectively). The shorter neutral reaction 
time remained significant until the 10-min postexercise 

T A B L E  2  Changes in blood metabolites throughout HV-LRE and HRE sessions

Baseline Pre-EX Post-EX 0 min Post-EX 10 min Post-EX 20 min
Post-EX 
30 min

Blood glucose (mg/dl)

HV-LRE 93.8 ± 1.3 94.1 ± 1.2 90.5 ± 1.3 90.0 ± 1.3 89.3 ± 1.0 91.1 ± 1.0

HRE 93.7 ± 1.4 92.6 ± 1.0 92.2 ± 1.4 92.2 ± 1.4 90.8 ± 1.3 91.4 ± 1.1

Blood lactate (mM)*

HV-LRE 1.0 ± 0.0 1.1 ± 0.1 8.8 ± 0.5 6.0 ± 0.4* 4.1 ± 0.4* 3.0 ± 0.3*

HRE 1.0 ± 0.0 1.0 ± 0.1 8.0 ± 0.5 5.2 ± 0.4 3.5 ± 0.3 2.5 ± 0.2

Note: Values are presented as Mean ± SEM.
Abbreviations: Post-EX 0, immediately after exercise; Post-EX 10, 10-min post-exercise recovery period; Post-EX 20, 20-min post-exercise recovery period; Post-EX 
30, 30-min post-exercise recovery period; Pre, before exercise.
a Significant difference (p < .001) between pre-exercise periods (i.e., Baseline and Pre-EX) and Post-EX 0 min.  
b Significant difference (p < .001) between pre-exercise periods and Post-EX 10 min.  
c Significant difference (p < .001) between pre-exercise periods and Post-EX 20 min.  
d Significant difference (p < .001) between pre-exercise periods and Post-EX 30 min.  
e Significant difference (p < .001) between Post-EX 0 min and Post-EX 10 min.  
f Significant difference (p < .001) between Post-EX 0 min and Post-EX 20 min.  
g Significant difference (p < .001) between Post-EX 0 min and Post-EX 30 min.  
h Significant difference (p < .001) between Post-EX 10 min and Post-EX 20 min.  
i Significant difference (p < .001) between Post-EX 10 min and Post-EX 30 min.  
j Significant difference (p < .001) between Post-EX 20 min and Post-EX 30 min.  
* Significant difference (p < .05) between conditions.  

T A B L E  3  Changes in reaction times of the three color-word Stroop tasks throughout HV-LRE and HRE sessions

Baseline Pre-EX Post-EX 0 min Post-EX 10 min Post-EX 20 min
Post-EX 
30 min

Congruent task (msec)a,b,c,e,g 

HV-LRE 9,364 ± 315 9,321 ± 327 8,700 ± 294 8,637 ± 251 8,905 ± 311 9,030 ± 265

HRE 9,352 ± 331 9,336 ± 343 8,649 ± 282 8,892 ± 317 8,916 ± 318 9,034 ± 329

Neutral task (msec)a,b,d,e 

HV-LRE 9,687 ± 305 9,548 ± 300 9,151 ± 271 9,343 ± 290 9,410 ± 294 9,470 ± 310

HRE 9,713 ± 343 9,633 ± 318 9,226 ± 314 9,385 ± 334 9,496 ± 334 9,646 ± 331

Incongruent task (msec)a,b,c,e,f,g 

HV-LRE 10,614 ± 349 10,453 ± 332 9,721 ± 299 9,823 ± 302 9,943 ± 314 10,076 ± 343

HRE 10,656 ± 377 10,558 ± 356 9,773 ± 337 9,901 ± 355 10,063 ± 362 10,273 ± 363

Note: Values are presented as Mean ± SEM.
a Significant difference (p < .05) between pre-exercise periods and Post-EX 0 min.  
b Significant difference (p < .05) between pre-exercise periods and Post-EX 10 min.  
c Significant difference (p < .001) between pre-exercise periods and Post-EX 20 min.  
d Significant difference (p < .001) between Post-EX 0 min and Post-EX 20 min.  
e Significant difference (p < .001) between Post-EX 0 min and Post-EX 30 min.  
f Significant difference (p < .001) between Post-EX 10 min and Post-EX 20 min.  
g Significant difference (p < .001) between Post-EX 10 min and Post-EX 30 min.  
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recovery period (p = .007 and .036 vs. baseline and pre-exer-
cise, respectively). Post hoc comparisons for the time main 
effect of incongruent task indicated that reaction time was 
significantly shorter immediately after exercise than before 
exercise (both ps < .001 vs. baseline and pre-exercise). The 
shorter incongruent reaction time remained significant until 
the 10-min postexercise recovery period (all ps  <  .05 vs. 
baseline and pre-exercise). Trends against significance for 
shorter incongruent reaction time at 30 min after exercise than 
that before exercise were also obtained (p = .056 and .055 vs. 
baseline and pre-exercise, respectively). Response accuracy 
analyses for all three CWST types revealed no significant 
main effects for time and condition or no significant interac-
tion effect (data not shown).

Changes in the reverse-Stroop interference scores through-
out HV-LRE and HRE sessions are presented in Figure 2. 
The reverse-Stroop interference score (i.e., IC) analysis re-
vealed a significant main effect for time (F(5,105)  =  11.70, 
p < .001, �2

p
=0.36). Post hoc comparisons for the time main 

effect indicated that the reverse-Stroop interference score was 
significantly lower immediately after exercise than before ex-
ercise (p =  .001 and .002 vs. baseline and pre-exercise, re-
spectively). The lower score remained significant until the 
30-min postexercise recovery period (all ps < .05 vs. baseline 
and pre-exercise).

3.4 | Changes in psychological conditions 
for the CWST throughout experimental session

Changes in psychological parameters for the CWST 
throughout HV-LRE and HRE sessions are shown in 
Table 4. Arousal analysis revealed a significant main effect 
for time (F(2.53, 53.09) = 30.58, p < .001, �2

p
=0.59). Post hoc 

comparisons for the time main effect indicated that arousal 
was significantly higher immediately after exercise than 
before exercise (both ps < .001 vs. baseline and pre-exer-
cise). The higher arousal remained significant until the 30-
min postexercise recovery period (all ps < 0.05 vs. baseline 
and/or pre-exercise). Analyses of all three VAS-measured 
psychological conditions revealed significant effects for 
time (F(2.36, 49.45)  =  28.67, p  <  .001, �2

p
=0.58 for mental 

fatigue; F(2.56, 54.55) = 5.11, p = .005, �2
p
=0.12 for ability to 

concentrate; F(2.32, 48.85) = 5.53, p = .005, �2
p
=0.21 for mo-

tivation). With regard to post hoc comparisons for these 
time main effects, mental fatigue was significantly higher 
immediately after exercise than before exercise (both 
ps < .001 vs. baseline and pre-exercise). The higher mental 
fatigue remained significant until the 30-min postexercise 
recovery period (all ps < .001 vs. baseline and/or pre-exer-
cise). Concentration and motivation were significantly 
higher immediately after exercise than before exercise (all 
ps < .05 vs. baseline and pre-exercise).

4 |  DISCUSSION

The primary finding of the present study was that the im-
mediate and sustainable levels of postexercise IC improve-
ments were similar between HV-LRE and volume-matched 
HRE. In a recent study, we determined that immediate pos-
texercise IC improvement was greater with HRE than with 
LRE (Tsukamoto, Suga, et al., 2017), which was due to 
a difference in work volume. Therefore, the present find-
ings suggest that work volume may play an important role 
in determining degrees of resistance exercise-induced IC 
improvements.

We previously demonstrated that the degree of aerobic 
exercise-induced IC improvements is associated with exer-
cise volume (i.e., the product of exercise intensity and dura-
tion; Tsukamoto, Takenaka, et al., 2017). Nevertheless, in a 
previous study, we found that postexercise IC improvements 
were greater following aerobic moderate-intensity exercise 
of 20-min duration than following volume-matched aero-
bic low-intensity exercise of 40-min duration (Tsukamoto, 
Takenaka, et al., 2017). Furthermore, in another study, we 
demonstrated that postexercise IC improvements could be 
more sustained following aerobic high-intensity interval  
exercise than following volume-matched aerobic moderate- 
intensity continuous exercise (Tsukamoto et al., 2016a). Our 
previous findings suggest that exercise intensity alone, rather 
than exercise duration and volume, may be an important vari-
able for determining the degree of aerobic exercise-induced 
IC improvements. By contrast, the present findings demon-
strated that work volume was the more important variable 
in determining the degree of resistance exercise-induced 
IC improvements than exercise load and total repetitions. 
Therefore, a main variable of the postexercise IC improve-
ments may be, at least partially, different between resistance 
and aerobic exercises.

F I G U R E  2  Changes in the reverse-Stroop interference scores 
throughout HV-LRE and HRE sessions. Values are presented as 
Mean ± SEM. *Significant difference (p < .05) from Baseline and Pre
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To the best of our knowledge, only one study examined 
the effect of work volume on resistance exercise-induced 
immediate improvements in IC. Engeroff et al. (2019) re-
ported that among the three different intensities, according 
to volume-matched whole-body resistance exercise proto-
cols (moderate-intensity, 60% 1-RM; high-intensity, 75% 
1-RM; very high-intensity, 90% 1-RM), the use of moder-
ate-intensity led to the greatest immediate postexercise IC 
improvement. However, they did not have a fixed number 
of sets and duration of interset rest intervals among the 
three protocols. The differences in these variables among 
the resistance exercise protocols may influence the degree 
of postexercise IC improvements (Fortes et al., 2018), pos-
sibly by affecting some systems, including neuromuscular 
(Jenkins et  al.,  2015), metabolic (Kraemer et  al.,  1990), 
and perceptual systems (Woods, Bridge, Nelson, Risse, 
& Pincivero,  2004), for increasing neural activity in the 
brain. In the present study, we examined with the same 
number of sets and the same duration of interset rest in-
tervals between HV-LRE and HRE. Moreover, because 
whole-body resistance exercise comprises multiple events, 
this exercise type may have additional effects on cognitive 
function due to the different movements being performed 
(Suzuki et al., 2012). By contrast, this confounding effect 
may be smaller for localized resistance exercise than for 
whole-body resistance exercise because of one specific 

movement (i.e., only a knee extension). Furthermore, 
whole-body resistance exercise involves long exercise du-
ration, and therefore, this exercise type may require high 
aerobic demand throughout this exercise session, because 
long-term whole-body resistance exercise may increase 
aerobic capacity (e.g., VO2 peak; Kraemer et al., 1997). In 
the study by Engeroff et  al.  (2019), exercise duration of 
approximately 60 min was needed to complete the whole-
body resistance exercise. Similarly, most previous studies 
used whole-body resistance exercise with exercise duration 
longer than 30 min (Alves et al., 2012; Brush et al., 2016; 
Chang et  al., 2014). By contrast, exercise duration of the 
localized resistance exercise employed in the present study 
was shorter (i.e., 19 min for HV-LRE and 17 min for HRE) 
than that of whole-body resistance exercise employed in 
the previous studies (Alves et al., 2012; Brush et al., 2016; 
Chang et al., 2014; Engeroff et al., 2019); therefore, local-
ized resistance exercise has lower aerobic demand during 
exercise session. Considering these findings, the factors 
involved in improving IC may be easier to understand in 
localized resistance exercise than in whole-body resistance 
exercise. Therefore, the present findings can provide a 
clearer interpretation about the potential impact of work 
volume on resistance exercise-induced IC improvements.

Little is known about the degree of postexercise IC im-
provements that can be sustained after resistance exercise. 

T A B L E  4  Changes in psychological conditions for the color-word Stroop task throughout HV-LRE and HRE sessions

Baseline Pre-EX Post-EX 0 min Post-EX 10 min Post-EX 20 min
Post-EX 
30 min

Arousala,b,c,e,f,g,h,i 

HV-LRE 2.3 ± 0.1 2.8 ± 0.1 4.6 ± 0.2 3.7 ± 0.2 3.2 ± 0.2 3.2 ± 0.2

HRE 2.5 ± 0.1 2.8 ± 0.1 4.7 ± 0.2 3.9 ± 0.2 3.3 ± 0.2 3.3 ± 0.2

Mental fatigue (mm)a,b,c,d,f,g,h,i 

HV-LRE 18.7 ± 4.5 21.5 ± 4.5 60.3 ± 5.0 52.2 ± 5.2 45.6 ± 5.6 36.9 ± 5.8

HRE 19.1 ± 3.4 21.1 ± 4.1 62.1 ± 4.9 51.6 ± 5.4 39.7 ± 5.2 40.0 ± 5.8

Concentration (mm)a 

HV-LRE 58.4 ± 5.5 58.7 ± 5.2 76.6 ± 3.0 70.4 ± 2.6 61.3 ± 5.0 64.5 ± 5.5

HRE 58.4 ± 4.9 61.3 ± 3.8 74.0 ± 4.1 63.2 ± 3.6 63.4 ± 4.3 61.2 ± 4.3

Motivation (mm)a,e,f,g 

HV-LRE 64.9 ± 4.4 65.9 ± 3.8 79.0 ± 3.2 72.0 ± 4.0 67.4 ± 5.0 67.1 ± 5.1

HRE 66.2 ± 4.6 70.4 ± 4.1 80.4 ± 2.7 70.8 ± 3.8 71.0 ± 4.0 68.8 ± 4.6

Note: Values are presented as Mean ± SEM.
aSignificant difference (p < .05) between pre-exercise periods (i.e., Baseline and/or Pre-EX) and Post-EX 0 min. 
bSignificant difference (p < .05) between pre-exercise periods and Post-EX 10 min. 
cSignificant difference (p < .05) between pre-exercise periods and Post-EX 20 min. 
dSignificant difference (p < .05) between pre-exercise periods and Post-EX 30 min. 
eSignificant difference (p < .05) between Post-EX 0 min and Post-EX 10 min. 
fSignificant difference (p < .05) between Post-EX 0 min and Post-EX 20 min. 
gSignificant difference (p < .05) between Post-EX 0 min and Post-EX 30 min. 
hSignificant difference (p < .05) between Post-EX 10 min and Post-EX 20 min. 
iSignificant difference (p < .05) between Post-EX 10 min and Post-EX 30 min. 
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To the best of our knowledge, only a couple of studies 
have examined the sustainable effect of resistance exer-
cise on IC (Brush et al., 2016; Johnson et al., 2016). Brush 
et  al.  (2016) reported that high-intensity whole-body re-
sistance exercise-induced IC improvements could not be 
sustained up to the 180-min postexercise recovery period. 
Furthermore, Johnson et  al.  (2016) reported that moder-
ate-intensity whole-body resistance exercise-induced IC 
improvements could not be sustained up to the 30-min 
postexercise recovery. The results of these previous stud-
ies suggest that the duration of IC improvements following 
resistance exercise may be less than 30 min, which may be 
a shorter duration compared with that after some aerobic 
exercise protocols obtained in our previous studies (Tanaka 
et al., 2018; Tsukamoto et al., 2016a, 2016b; Tsukamoto, 
Takenaka, et al., 2017). Nevertheless, in a study by Johnson 
et  al.,  (2016) they recruited older individuals, and there-
fore, the sustainable effect of postexercise IC improve-
ments may be limited in this population. In the present 
study, we determined that medium-sized effects were ob-
served between the ICs before exercise and 30  min after 
HV-LRE and HRE, suggesting that the IC following both 
protocols could sustain moderate improvement throughout 
the 30-min postexercise recovery period in young individ-
uals. This duration of exercise-induced IC improvements 
may be longer than that of low- or moderate-intensity con-
tinuous exercise as seen in our previous studies (Tanaka 
et  al.,  2018; Tsukamoto et  al.,  2016a, 2017). These find-
ings suggest that postexercise IC improvements induced 
by HV-LRE and HRE may have a more sustainable effect 
than those induced by the traditional aerobic continuous 
exercise protocols. Taken together, the present study is the 
first to determine the sustainable effect of work volume on 
resistance exercise-induced IC improvements.

The present study showed that the quadriceps femoris 
EMG activities were higher during HRE than during HV-
LRE. The increased muscle activity levels during resistance 
exercise may be associated with cerebral neural activation 
(Dai, Liu, Sahgal, Brown, & Yue, 2001; van Duinen, Renken, 
Maurits, & Zijdewind,  2008), which is probably the most 
prominent determinant of cognitive functions, including IC 
(Hyodo et al., 2016; Richeson et al., 2003). Thus, exercise-in-
duced increase in cerebral neural activity may be lower for 
HV-LRE than for HRE. Nevertheless, EMG activities of 
the exercising muscles during HV-LRE were longer than 
that during HRE because of the larger number of repetitions 
(i.e., 20 vs. 10 repetitions) per set for HV-LRE than for HRE. 
Therefore, despite lower muscle activation, longer muscle 
activation of the exercising muscles may contribute, at least 
partially, to increasing cerebral neural activation and improv-
ing cognitive functions.

Systemic lactate is used in the human brain during exer-
cise as an important energy substrate instead of glucose (van 

Hall et al., 2009). Our previous studies demonstrated that the 
degree of immediate and sustainable effects on aerobic exer-
cise-induced IC improvements is related to circulating lactate 
levels (Tanaka et al., 2018; Tsukamoto et al., 2016a, 2016b; 
Tsukamoto, Takenaka, et al., 2017), potentially due to increas-
ing cerebral lactate metabolism (Hashimoto et al., 2018). In 
our previous study described above, the difference in postex-
ercise IC improvements between volume-matched aerobic 
exercise protocols (i.e., moderate-intensity exercise with 
20-min duration vs. low-intensity exercise with 40-min du-
ration) can be partially explained by the difference in exer-
cise-induced increase in blood lactate levels (3.3 ± 0.3 vs. 
1.0 ± 0.1 mM at the end of exercise, respectively; Tsukamoto, 
Takenaka, et al., 2017). Such difference in exercise-induced 
increase in blood lactate levels may also contribute to our 
understanding of a higher sustainable effect of postexercise 
IC improvements following high-intensity interval exer-
cise than that following moderate-intensity continuous ex-
ercise (8.0 ± 1.0 vs. 2.7 ± 0.3 mM at the end of exercise, 
respectively; Tsukamoto et al., 2016a). In the present study, 
a significant main effect for condition and a trend toward sig-
nificant interaction effect were observed with higher blood 
lactate levels following HV-LRE than those following HRE. 
Therefore, compared with HRE, higher metabolic responses, 
such as increased blood lactate during HV-LRE, may con-
tribute to compensate its lower neuromuscular response (i.e., 
EMG activity).

Previous studies reported that perceptual responses, such 
as RPE and arousal, are associated with increases in cere-
bral neural activity and cognitive function (Byun et al., 2014; 
Fontes et al., 2015). In the present study, RPE during resis-
tance exercise did not differ between HV-LRE and HRE. 
Similarly, changes in FAS-measured arousal following resis-
tance exercise also did not differ between the two protocols. 
These present findings may also contribute to our under-
standing of similar postexercise IC improvements following 
LV-LRE and HRE.

A major limitation of this study is that although this study 
recruited healthy young males, effective resistance exercise 
programs to improve cognitive function are generally more 
important for older individuals and patients with chronic dis-
eases than for healthy young individuals. Further studies are 
required to examine the effect of the HV-LRE on postexercise 
IC improvements in various populations.

5 |  CONCLUSION

This study demonstrated that even with a lower exercise load, 
HV-LRE improves IC in a similar manner to volume-matched 
HRE. Thus, we suggest that work volume is an important 
variable in determining the degree of IC improvements fol-
lowing resistance exercise. It is well known that HRE is a 
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beneficial strategy for increasing muscle strength and size in 
various populations (American College of Sports Medicine, 
2009; Williams et al., 2007). In addition to this, unique resist-
ance exercise protocols that used lower intensity loads, such 
as the HV-LRE and blood flow restriction exercise, have 
been determined to induce these muscle adaptations effec-
tively (Mitchell et al., 2012; Takada et al., 2012; Takarada, 
Sato, & Ishii, 2002). In this regard, older individuals and pa-
tients with chronic disease often have difficulty with higher 
exercise loads due to declining health in cardiovascular and 
musculoskeletal systems. Therefore, in the clinical setting, 
information from the present findings may be useful in creat-
ing a safe and effective resistance training program for im-
proving cognitive function in various populations.

ACKNOWLEDGMENTS
The authors appreciate the time and effort expended by the 
volunteer subjects.

CONFLICT OF INTEREST
The authors declare no conflict of interest.

AUTHOR CONTRIBUTIONS
K.T. and Tada. S. conceived and designed the experiment; 
K.T., Tada. S., Take.S., D.T., K.S., K.D., E.M., S.M., and 
H.T. performed experiments; K.T., Tada.S., Take.S., D.T., 
K.S., K.D., E.M., S.M., H.T., S.T., T.H., and T.I. interpreted 
results of experiments; K.T. and Tada. S. wrote the manu-
script; H.T., S.T., T.H., and T.I. edited and revised the manu-
script. All authors have read and approved the manuscript.

ORCID
Tadashi Suga   https://orcid.org/0000-0002-0313-9660 
Hayato Tsukamoto   https://orcid.
org/0000-0001-5512-0497 

REFERENCES
Alves, C. R., Gualano, B., Takao, P. P., Avakian, P., Fernandes, R. M., 

Morine, D., & Takito, M. Y. (2012). Effects of acute physical ex-
ercise on executive functions: A comparison between aerobic and 
strength exercise. Journal of Sport and Exercise Psychology, 34(4), 
539–549. https://doi.org/10.1123/jsep.34.4.539

American College of Sports Medicine. (2009). American College of 
Sports Medicine position stand. Progression models in resistance 
training for healthy adults. Medicine and Science in Sports and 
Exercise, 41(3), 687–708. https://doi.org/10.1249/MSS.0b013 e3181 
915670

Atkinson, H. H., Cesari, M., Kritchevsky, S. B., Penninx, B. W., Fried, 
L. P., Guralnik, J. M., & Williamson, J. D. (2005). Predictors 
of combined cognitive and physical decline. Journal of the 
American Geriatrics Society, 53(7), 1197–1202. https://doi.
org/10.1111/j.1532-5415.2005.53362.x

Borg, G. A. (1982). Psychophysical bases of perceived exertion. 
Medicine and Science in Sports and Exercise, 14(5), 377–381. 
https://doi.org/10.1249/00005 768-19820 5000-00012

Brush, C. J., Olson, R. L., Ehmann, P. J., Osovsky, S., & Alderman, 
B. L. (2016). Dose-response and time course effects of acute re-
sistance exercise on executive function. Journal of Sport and 
Exercise Psychology, 38(4), 396–408. https://doi.org/10.1123/
jsep.2016-0027

Byun, K., Hyodo, K., Suwabe, K., Ochi, G., Sakairi, Y., Kato, M., … 
Soya, H. (2014). Positive effect of acute mild exercise on execu-
tive function via arousal-related prefrontal activations: An fNIRS 
study. NeuroImage, 98, 336–345. https://doi.org/10.1016/j.neuro 
image.2014.04.067

Chang, K. V., Hsu, T. H., Wu, W. T., Huang, K. C., & Han, D. S. (2016). 
Association between sarcopenia and cognitive impairment: A sys-
tematic review and meta-analysis. Journal of the American Medical 
Directors Association, 17(12), 1164.e7–1164.e15. https://doi.
org/10.1016/j.jamda.2016.09.013

Chang, Y. K., Tsai, C. L., Huang, C. C., Wang, C. C., & Chu, I. H. 
(2014). Effects of acute resistance exercise on cognition in late 
middle-aged adults: General or specific cognitive improvement? 
Journal of Science and Medicine in Sport, 17(1), 51–55. https://doi.
org/10.1016/j.jsams.2013.02.007

Cohen, J. A. (1992). A power primer. Psychological Bulletin, 112(1), 
155–159. https://doi.org/10.1037/0033-2909.112.1.155

Coxon, J. P., Stinear, C. M., & Byblow, W. D. (2007). Selective inhibi-
tion of movement. Journal of Neurophysiology, 97(3), 2480–2489. 
https://doi.org/10.1152/jn.01284.2006

Dai, T. H., Liu, J. Z., Sahgal, V., Brown, R. W., & Yue, G. H. (2001). 
Relationship between muscle output and functional MRI-measured 
brain activation. Experimental Brain Research, 140(3), 290–300. 
https://doi.org/10.1007/s0022 10100815

DeCarli, C. (2003). Mild cognitive impairment: Prevalence, progno-
sis, aetiology, and treatment. The Lancet Neurology, 2(1), 15–21. 
https://doi.org/10.1016/s1474 -4422(03)00262 -x

Engeroff, T., Niederer, D., Vogt, L., & Banzer, W. (2019). Intensity and 
workload related dose-response effects of acute resistance exercise 
on domain-specific cognitive function and affective response–A 
four-armed randomized controlled crossover trial. Psychology of 
Sport and Exercise, 43, 55–63. https://doi.org/10.1016/j.psych 
sport.2018.12.009

Fontes, E. B., Okano, A. H., De Guio, F., Schabort, E. J., Min, L. L., 
Basset, F. A., … Noakes, T. D. (2015). Brain activity and perceived 
exertion during cycling exercise: An fMRI study. British Journal 
of Sports Medicine, 49(8), 556–560. https://doi.org/10.1136/bjspo 
rts-2012-091924

Fortes, L. S., Costa, M., Perrier-Melo, R. J., Brito-Gomes, J. L., 
Nascimento-Júnior, J., de Lima-Júnior, D., & Cyrino, E. S. (2018). 
Effect of volume in resistance training on inhibitory control in 
young adults: A randomized and crossover investigation. Frontiers 
in Psychology, 9, 2028. https://doi.org/10.3389/fpsyg.2018.02028

Hashimoto, T., Tsukamoto, H., Takenaka, S., Olesen, N. D., Petersen, L. 
G., Sørensen, H., … Ogoh, S. (2018). Maintained exercise-enhanced 
brain executive function related to cerebral lactate metabolism in 
men. FASEB Journal, 32(3), 1417–1427. https://doi.org/10.1096/
fj.20170 0381RR

Hyodo, K., Dan, I., Kyutoku, Y., Suwabe, K., Byun, K., Ochi, G., … 
Soya, H. (2016). The association between aerobic fitness and 
cognitive function in older men mediated by frontal lateraliza-
tion. NeuroImage, 125, 291–300. https://doi.org/10.1016/j.neuro 
image.2015.09.062

Ikeda, Y., Hirata, S., Okuzumi, H., & Kokubun, M. (2010). Features 
of Stroop and reverse-Stroop interference: Analysis by response 

https://orcid.org/0000-0002-0313-9660
https://orcid.org/0000-0002-0313-9660
https://orcid.org/0000-0001-5512-0497
https://orcid.org/0000-0001-5512-0497
https://orcid.org/0000-0001-5512-0497
https://doi.org/10.1123/jsep.34.4.539
https://doi.org/10.1249/MSS.0b013e3181915670
https://doi.org/10.1249/MSS.0b013e3181915670
https://doi.org/10.1111/j.1532-5415.2005.53362.x
https://doi.org/10.1111/j.1532-5415.2005.53362.x
https://doi.org/10.1249/00005768-198205000-00012
https://doi.org/10.1123/jsep.2016-0027
https://doi.org/10.1123/jsep.2016-0027
https://doi.org/10.1016/j.neuroimage.2014.04.067
https://doi.org/10.1016/j.neuroimage.2014.04.067
https://doi.org/10.1016/j.jamda.2016.09.013
https://doi.org/10.1016/j.jamda.2016.09.013
https://doi.org/10.1016/j.jsams.2013.02.007
https://doi.org/10.1016/j.jsams.2013.02.007
https://doi.org/10.1037/0033-2909.112.1.155
https://doi.org/10.1152/jn.01284.2006
https://doi.org/10.1007/s002210100815
https://doi.org/10.1016/s1474-4422(03)00262-x
https://doi.org/10.1016/j.psychsport.2018.12.009
https://doi.org/10.1016/j.psychsport.2018.12.009
https://doi.org/10.1136/bjsports-2012-091924
https://doi.org/10.1136/bjsports-2012-091924
https://doi.org/10.3389/fpsyg.2018.02028
https://doi.org/10.1096/fj.201700381RR
https://doi.org/10.1096/fj.201700381RR
https://doi.org/10.1016/j.neuroimage.2015.09.062
https://doi.org/10.1016/j.neuroimage.2015.09.062


   | 11 of 12TOMOO eT al.

modality and evaluation. Perceptual and Motor Skills, 110(2), 654–
660. https://doi.org/10.2466/pms.110.2.654-660

Jenkins, N. D., Housh, T. J., Bergstrom, H. C., Cochrane, K. C., Hill, E. 
C., Smith, C. M., … Cramer, J. T. (2015). Muscle activation during 
three sets to failure at 80 vs. 30% 1RM resistance exercise. European 
Journal of Applied Physiology, 115(11), 2335–2347. https://doi.
org/10.1007/s0042 1-015-3214-9

Johnson, L., Addamo, P. K., Selva Raj, I., Borkoles, E., Wyckelsma, V., 
Cyarto, E., & Polman, R. C. (2016). An acute bout of exercise im-
proves the cognitive performance of older adults. Journal of Aging 
and Physical Activity, 24(4), 591–598. https://doi.org/10.1123/
japa.2015-0097

Kraemer, W. J., Marchitelli, L., Gordon, S. E., Harman, E., Dziados, 
J. E., Mello, R., … Fleck, S. J. (1990). Hormonal and growth fac-
tor responses to heavy resistance exercise protocols. Journal of 
Applied Physiology, 69(4), 1442–1450. https://doi.org/10.1152/
jappl.1990.69.4.1442

Kraemer, W. J., Volek, J. S., Clark, K. L., Gordon, S. E., Incledon, T., 
Puhl, S. M., … Sebastianelli, W. J. (1997). Physiological adapta-
tions to a weight-loss dietary regimen and exercise programs in 
women. Journal of Applied Physiology, 83(1), 270–279. https://doi.
org/10.1152/jappl.1997.83.1.270

Mitchell, C. J., Churchward-Venne, T. A., West, D. W., Burd, N. A., 
Breen, L., Baker, S. K., & Phillips, S. M. (2012). Resistance exercise 
load does not determine training-mediated hypertrophic gains in 
young men. Journal of Applied Physiology, 113(1), 71–77. https://
doi.org/10.1152/jappl physi ol.00307.2012

Northey, J. M., Cherbuin, N., Pumpa, K. L., Smee, D. J., & Rattray, B. (2018). 
Exercise interventions for cognitive function in adults older than 50: A 
systematic review with meta-analysis. British Journal of Sports Medicine, 
52(3), 154–160. https://doi.org/10.1136/bjspo rts-2016-096587

Ozonoff, S., & Strayer, D. L. (1997). Inhibitory function in nonre-
tarded children with autism. Journal of Autism and Developmental 
Disorders, 27(1), 59–77. https://doi.org/10.1023/a:10258 21222046

Richeson, J. A., Baird, A. A., Gordon, H. L., Heatherton, T. F., Wyland, 
C. L., Trawalter, S., & Shelton, J. N. (2003). An fMRI investigation 
of the impact of interracial contact on executive function. Nature 
Neuroscience, 6(12), 1323–1328. https://doi.org/10.1038/nn1156

Ruiz, J. R., Sui, X., Lobelo, F., Morrow, J. R. Jr, Jackson, A. W., 
Sjöström, M., & Blair, S. N. (2008). Association between muscu-
lar strength and mortality in men: Prospective cohort study. British 
Medical Journal, 337(7661), a439. https://doi.org/10.1136/bmj.
a439

Stroop, J. R. (1935). Studies of interference in serial verbal reactions. 
Journal of Experimental Psychology, 18(6), 643–662. https://doi.
org/10.1037/h0054651

Suga, T., Okita, K., Morita, N., Yokota, T., Hirabayashi, K., Horiuchi, 
M., … Tsutsui, H. (2009). Intramuscular metabolism during low-in-
tensity resistance exercise with blood flow restriction. Journal of 
Applied Physiology, 106(4), 1119–1124. https://doi.org/10.1152/
jappl physi ol.90368.2008

Suzuki, T., Shimada, H., Makizako, H., Doi, T., Yoshida, D., 
Tsutsumimoto, K., … Park, H. (2012). Effects of multicompo-
nent exercise on cognitive function in older adults with amnestic 
mild cognitive impairment: A randomized controlled trial. BMC 
Neurology, 12, 128. https://doi.org/10.1186/1471-2377-12-128

Svebak, S., & Murgatroyd, S. (1985). Metamotivational dominance: 
A multimethod validation of reversal theory constructs. Journal 
of Personality and Social Psychology, 48(1), 107–116. https://doi.
org/10.1037/0022-3514.48.1.107

Takada, S., Okita, K., Suga, T., Omokawa, M., Kadoguchi, T., Sato, 
T., … Tsutsui, H. (2012). Low-intensity exercise can increase mus-
cle mass and strength proportionally to enhanced metabolic stress 
under ischemic conditions. Journal of Applied Physiology, 113(2), 
199–205. https://doi.org/10.1152/jappl physi ol.00149.2012

Takarada, Y., Sato, Y., & Ishii, N. (2002). Effects of resistance exercise 
combined with vascular occlusion on muscle function in athletes. 
European Journal of Applied Physiology, 86(4), 308–314. https://
doi.org/10.1007/s0042 1-001-0561-5

Tanaka, D., Tsukamoto, H., Suga, T., Takenaka, S., Hamaoka, T., 
Hashimoto, T., & Isaka, T. (2018). Self-selected music-induced 
reduction of perceived exertion during moderate-intensity exer-
cise does not interfere with post-exercise improvements in inhibi-
tory control. Physiology and Behavior, 194, 170–176. https://doi.
org/10.1016/j.physb eh.2018.05.030

Tsukamoto, H., Suga, T., Ishibashi, A., Takenaka, S., Tanaka, D., 
Hirano, Y., … Hashimoto, T. (2018). Flavanol-rich cocoa con-
sumption enhances exercise-induced executive function improve-
ments in humans. Nutrition, 46, 90–96. https://doi.org/10.1016/ 
j.nut.2017.08.017

Tsukamoto, H., Suga, T., Takenaka, S., Takeuchi, T., Tanaka, D., 
Hamaoka, T., … Isaka, T. (2017). An acute bout of localized resis-
tance exercise can rapidly improve inhibitory control. PLoS One, 
12(9), e0184075. https://doi.org/10.1371/journ al.pone.0184075

Tsukamoto, H., Suga, T., Takenaka, S., Tanaka, D., Takeuchi, T., 
Hamaoka, T., … Hashimoto, T. (2016a). Greater impact of acute 
high-intensity interval exercise on post-exercise executive function 
compared to moderate-intensity continuous exercise. Physiology 
and Behavior, 155, 224–230. https://doi.org/10.1016/j.physb 
eh.2015.12.021

Tsukamoto, H., Suga, T., Takenaka, S., Tanaka, D., Takeuchi, T., 
Hamaoka, T., … Hashimoto, T. (2016b). Repeated high-intensity 
interval exercise shortens the positive effect on executive function 
during post-exercise recovery in healthy young males. Physiology 
and Behavior, 160, 26–34. https://doi.org/10.1016/j.physb 
eh.2016.03.029

Tsukamoto, H., Takenaka, S., Suga, T., Tanaka, D., Takeuchi, T., 
Hamaoka, T., … Hashimoto, T. (2017). Impact of exercise inten-
sity and duration on postexercise executive function. Medicine 
and Science in Sports and Exercise, 49(4), 774–784. https://doi.
org/10.1249/MSS.00000 00000 001155

van Duinen, H., Renken, R., Maurits, N. M., & Zijdewind, I. (2008). 
Relation between muscle and brain activity during isometric con-
tractions of the first dorsal interosseous muscle. Human Brain 
Mapping, 29(3), 281–299. https://doi.org/10.1002/hbm.20388

van Hall, G., Strømstad, M., Rasmussen, P., Jans, O., Zaar, M., Gam, 
C., … Nielsen, H. B. (2009). Blood lactate is an important en-
ergy source for the human brain. Journal of Cerebral Blood Flow 
and Metabolism, 29(6), 1121–1129. https://doi.org/10.1038/
jcbfm.2009.35

Wilke, J., Giesche, F., Klier, K., Vogt, L., Herrmann, E., & Banzer, W. 
(2019). Acute effects of resistance exercise on cognitive function 
in healthy adults: A systematic review with multilevel meta-analy-
sis. Sports Medicine, 49(6), 905–916. https://doi.org/10.1007/s4027 
9-019-01085 -x

Williams, M. A., Haskell, W. L., Ades, P. A., Amsterdam, E. A., Bittner, 
V., Franklin, B. A., … American Heart Association Council on 
Nutrition, Physical Activity, and Metabolism. (2007). Resistance ex-
ercise in individuals with and without cardiovascular disease: 2007 
update: A scientific statement from the American Heart Association 

https://doi.org/10.2466/pms.110.2.654-660
https://doi.org/10.1007/s00421-015-3214-9
https://doi.org/10.1007/s00421-015-3214-9
https://doi.org/10.1123/japa.2015-0097
https://doi.org/10.1123/japa.2015-0097
https://doi.org/10.1152/jappl.1990.69.4.1442
https://doi.org/10.1152/jappl.1990.69.4.1442
https://doi.org/10.1152/jappl.1997.83.1.270
https://doi.org/10.1152/jappl.1997.83.1.270
https://doi.org/10.1152/japplphysiol.00307.2012
https://doi.org/10.1152/japplphysiol.00307.2012
https://doi.org/10.1136/bjsports-2016-096587
https://doi.org/10.1023/a:1025821222046
https://doi.org/10.1038/nn1156
https://doi.org/10.1136/bmj.a439
https://doi.org/10.1136/bmj.a439
https://doi.org/10.1037/h0054651
https://doi.org/10.1037/h0054651
https://doi.org/10.1152/japplphysiol.90368.2008
https://doi.org/10.1152/japplphysiol.90368.2008
https://doi.org/10.1186/1471-2377-12-128
https://doi.org/10.1037/0022-3514.48.1.107
https://doi.org/10.1037/0022-3514.48.1.107
https://doi.org/10.1152/japplphysiol.00149.2012
https://doi.org/10.1007/s00421-001-0561-5
https://doi.org/10.1007/s00421-001-0561-5
https://doi.org/10.1016/j.physbeh.2018.05.030
https://doi.org/10.1016/j.physbeh.2018.05.030
https://doi.org/10.1016/j.nut.2017.08.017
https://doi.org/10.1016/j.nut.2017.08.017
https://doi.org/10.1371/journal.pone.0184075
https://doi.org/10.1016/j.physbeh.2015.12.021
https://doi.org/10.1016/j.physbeh.2015.12.021
https://doi.org/10.1016/j.physbeh.2016.03.029
https://doi.org/10.1016/j.physbeh.2016.03.029
https://doi.org/10.1249/MSS.0000000000001155
https://doi.org/10.1249/MSS.0000000000001155
https://doi.org/10.1002/hbm.20388
https://doi.org/10.1038/jcbfm.2009.35
https://doi.org/10.1038/jcbfm.2009.35
https://doi.org/10.1007/s40279-019-01085-x
https://doi.org/10.1007/s40279-019-01085-x


12 of 12 |   TOMOO eT al.

Council on Clinical Cardiology and Council on Nutrition, Physical 
Activity, and Metabolism. Circulation, 116(5), 572–584. https://doi.
org/10.1161/CIRCU LATIO NAHA.107.185214

Woods, S., Bridge, T., Nelson, D., Risse, K., & Pincivero, D. M. 
(2004). The effects of rest interval length on ratings of perceived 
exertion during dynamic knee extension exercise. Journal of 
Strength and Conditioning Research, 18(3), 540–545. https://doi.
org/10.1519/1533-4287(2004)18<540:TEORI L>2.0.CO;2

How to cite this article: Tomoo K, Suga T, Sugimoto 
T, et al. Work volume is an important variable in 
determining the degree of inhibitory control 
improvements following resistance exercise. Physiol 
Rep. 2020;8:e14527. https://doi.org/10.14814/ 
phy2.14527

https://doi.org/10.1161/CIRCULATIONAHA.107.185214
https://doi.org/10.1161/CIRCULATIONAHA.107.185214
https://doi.org/10.1519/1533-4287(2004)18%3C540:TEORIL%3E2.0.CO;2
https://doi.org/10.1519/1533-4287(2004)18%3C540:TEORIL%3E2.0.CO;2
https://doi.org/10.14814/phy2.14527
https://doi.org/10.14814/phy2.14527

