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Abstract
The right dorsolateral prefrontal cortex (DLPFC) has been proposed to be the brain region regulating
performance through fatigue sensation in fatigue, but direct evidence has been lacking for right DLPFC
activation when physical performance is suppressed in the presence of fatigue sensation. We examined
whether the right DLPFC is activated when physical performance is suppressed by re-experiencing a
fatigue sensation. Eighteen healthy male volunteers participated. They performed a rest session followed
by a handgrip session to induce physical fatigue sensation. Then, they were instructed to re-experience
the state of the right hand with (i.e., the target condition) and without (i.e., the control condition) fatigue
sensation as experienced in the handgrip and rest sessions, respectively, while performing motor imagery
of maximum handgrip of the right hand. Neural activity during both conditions was recorded using
magnetoencephalography. The level of fatigue sensation was higher in the target condition than in the
control condition. Decreases of handgrip strength and beta band power in the right Brodmann’s area 46
were observed in the target condition, suggesting that the right DLPFC is involved in the regulation of
physical performance through fatigue sensation. These �ndings may help elucidate the neural
mechanisms regulating performance under fatigue conditions.

Introduction
Fatigue is a signi�cant and common problem in modern society 1,2. More than 20–30% of the general
population in European countries and the United States reportedly complain of substantial fatigue 3-7 and
more than half of the adult population in Japan may experience fatigue 8. In addition, fatigue-related
diseases such as chronic fatigue syndrome reduce quality of life 9.

Fatigue is de�ned as a decline in the ability to perform or the e�ciency of performing mental and/or
physical activities, caused by excessive mental or physical activity or disease, and often accompanied by
a peculiar sense of discomfort, a desire to rest, and a decline in motivation, referred to as fatigue
sensation 10. Fatigue sensation works as a biological alarm to encourage rest and thus avoid disrupting
homeostasis 11,12. The fatigue sensation is therefore thought to play an important role in regulating
physical and mental performance.

Regulation of performance through fatigue sensation has been proposed to involve the inhibition system
related to physical and/or mental fatigue. In the case of physical fatigue, the inhibition system increases
inhibitory inputs to the primary motor cortex (M1) to limit the recruitment of motor units and/or slow the
�ring rate of active motor units in the M1 to avoid disrupting homeostasis 11-13. Neural activity related to
the inhibition system has been examined using magnetoencephalography (MEG), and the right
dorsolateral prefrontal cortex (DLPFC) seems to be involved in the inhibition system: In a study in which a
classical conditioning procedure was used to activate the inhibition system related to physical fatigue,
neural activity in the right DLPFC was positively associated with the level of fatigue sensation, which was
supposed to correlate with activity of the inhibition system 14. However, no decrease in physical
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performance (i.e., handgrip strength in this case) caused by activation of the inhibition system was
con�rmed in the study. Since the relationship between alteration of neural activity in the right DLPFC and
decreased physical performance caused by activation of the inhibition system has yet to be determined,
assessment of whether the right DLPFC has a role to play in the suppression of physical performance is
warranted to clarify the neural mechanisms of the inhibition system related to physical fatigue.

The present study aimed to con�rm that the physical fatigue sensation suppresses physical performance
and to assess whether activation of the right DLPFC is related to the suppression of physical
performance caused by the fatigue sensation. Neural activity while performing motor imagery of
maximum handgrip while re-experiencing physical fatigue sensation that had actually been experienced
during a prior session was recorded using MEG. Spatial �ltering analyses of MEG data were performed to
detect changes in oscillatory power that re�ected changes in neural dynamics 15-17.

Methods
Participants

Eighteen healthy male volunteers participated in this study. Mean (± standard deviation [SD]) age was
22.1 ± 1.2 years. All participants were right-handed according to the Edinburgh Handedness Inventory 18.
Individuals taking chronic medications that affect the central nervous system, individuals with a history
of mental or brain and/or upper extremity disorder, and current smokers were excluded. The ethics
committee at Osaka City University approved the study protocol (approval number, 4355). Each
participant provided written informed consent to participate in this study in accordance with the
Declaration of Helsinki and the Ethical Guidelines for Medical and Health Research Involving Human
Subjects in Japan (Ministry of Education, Culture, Sports, Science and Technology and Ministry of Health,
Labour and Welfare).

Experimental design

The present study was performed on two separate days (Figure 1A). Intervals between these two
experimental days ranged from 3 to 10 days. On the �rst day, participants performed a rest session, then
a handgrip session. On the second day, participants performed an MEG session. In the rest session,
participants were instructed to view visual cues presented on a display for 10 min. The visual cue for the
rest session was the repeated presentation of a white cross for 1500 ms followed by presentation of a
blue asterisk for 2500 ms. In the handgrip session, participants performed handgrip trials with the right
hands using a handgrip device (EXG 30 kg; Alinco, Osaka, Japan) in time with visual cues for the
handgrip session. The visual cue for the handgrip session was the repeated presentation of a white cross
for 1500 ms (i.e., corresponding to the rest period) followed by presentation of a green triangle for 2500
ms (i.e., corresponding to the handgrip period). Participants were instructed to grasp the handgrip device
at maximum power during the handgrip period 19. Each participant lay supine on a bed in a magnetically
shielded room during both rest and handgrip sessions.



Page 4/18

In the MEG session, participants lay supine on the bed in the magnetically shielded room. The MEG
session consisted of two conditions (i.e., a target condition and a control condition). Each condition was
performed in a double-crossover fashion and consisted of 150 trials. In the target condition, participants
were instructed to re-experience the fatigue sensation of the right hand experienced in the handgrip
session during imagery of the maximum grip of the right hand guided by the imaginary handgrip cues. In
the control condition, participants were instructed to re-experience the state of their right hand in the
absence of the fatigue sensation experienced in the rest session during imagery of the maximum grip of
the right hand guided by “imaginary handgrip” cues. These imaginary handgrip cues comprised visual
and auditory presentations (Figure 1B). The visual presentation was a white circle projected onto a screen
placed in front of the participant using a projector (PG-B10S; Sharp, Osaka, Japan). The auditory
presentation comprised two pacing cues (i.e., a 440-Hz beep for 200 ms as a pacing cue) and an
imaginary handgrip cue (i.e., a 1000-Hz beep for 200 ms as a imaginary handgrip cue). The gaps between
the pacing cues and that between the pacing and imaginary handgrip cues were 1000 ms. Participants
were asked to maintain motor imagery of maximum grip of the right hand for 2000 ms from the onset of
the imaginary handgrip cue to the onset of the �rst pacing cue for the next trial in each condition. A 10-
min rest period was provided between the target and control conditions. Just before and after the rest and
handgrip sessions and the target and control conditions, participants were asked to rate their subjective
level of physical fatigue using a visual analog scale (VAS) with scores ranging from 0 (minimum fatigue)
to 100 (maximum fatigue) and grip strength was assessed using a grip dynamometer (ST-100; Toei Light
Co., Saitama, Japan).

MEG recording

As originally described by Matsuo et al. 20, MEG was recorded using a 160-channel whole-head-type MEG
system (MEG Vision; Yokogawa Electric Corporation, Tokyo, Japan) with a magnetic �eld resolution of 4
fT/Hz1/2 in the white noise region. Sensor and reference coils were gradiometers with a 15.5-mm
diameter and 50-mm baseline, and the two coils were separated by 23 mm. Sampling rate was 1,000 Hz
and the obtained data were high-pass-�ltered at 0.3 Hz.

MEG analysis

Analyses of MEG data were performed using a similar method to that described in a previous study 21.
Magnetic noise from outside the magnetically shielded room was eliminated by subtracting the data
obtained from reference coils using MEG 160 software (Yokogawa Electric Corporation, Tokyo, Japan).
Epochs of MEG data including artifacts were identi�ed visually and excluded before analysis. Spatial
�ltering analysis of MEG data was performed to identify changes in oscillatory brain activity re�ecting the
time-locked cortical activities caused by performing the target and control conditions on the second day.

MEG data were bandpass-�ltered at 4–8 Hz, 8–13 Hz, 13–25 Hz, and 25–58 Hz using the �nite impulse
response �ltering method implemented in Brain Rhythmic Analysis for MEG software (BRAM; Yokogawa
Electric Corporation). After bandpass �ltering, the locations and intensities of cortical activities were
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estimated using BRAM, which uses a narrow-band adaptive spatial �ltering algorithm 22,23. Voxel size
was set at 5.0 × 5.0 × 5.0 mm. Under both target and control conditions, the power of oscillatory brain
activity in the temporal window of 500 ms from 500–2,000 ms after the onset of presentation of the
imaginary handgrip cue was calculated relative to that in the period from -600 to 0 ms from the onset of
presentation of the imaginary handgrip cue (i.e., baseline). MEG data were further analyzed using
statistical parametric mapping (SPM8; Wellcome Department of Cognitive Neurology, London, UK)
implemented in Matlab (MathWorks, Natick, MA). MEG parameters were transformed into the Montreal
Neurological Institute T1-weighted image template. Anatomically normalized MEG data were �ltered
using a Gaussian kernel of 20 mm (full-width at half-maximum) in the x-, y-, and z-axes. Individual MEG
data were then incorporated into a random-effects model. These estimated parameters were used to
create “contrast” images for group analyses. The signi�cance of differences in oscillatory power in the
right BA 46 between conditions was assessed using t statistics (i.e., paired t-test with small volume
correction). The threshold for the paired t-test was set at P < 0.0021 (family-wise error correction for
multiple comparisons), considering multiple comparisons among increased or decreased oscillatory
power, number of temporal windows (i.e., three temporal windows), and frequencies (i.e., four
frequencies). However, the threshold of statistical parametric mapping shown in our �gure was set at P <
0.05 (family-wise error correction for multiple comparisons) for the purpose of the presentation.
Identi�cation of the brain region (i.e., BA 46) was performed using WFU_PickAtlas version 3.0.4
(http://fmri.wfubmc.edu/software/pickatlas).

In addition, to assess relationships between alterations in neural activity and alterations in physical
fatigue sensation caused by re-experiencing the fatigue sensation, contrasts in alteration of oscillatory
power corresponding to [(imaginary handgrip/baseline in target condition) – (imaginary
handgrip/baseline in control condition)] was created and a one-sample t-test with alteration of the
physical fatigue sensation (i.e., increased physical fatigue sensation in target condition relative to control
condition) as a covariate was performed (i.e., correlation analysis). Correlation analysis was performed in
the whole brain and the threshold for analysis was set at P < 0.05 (family-wise error correction for
multiple comparisons).

Overlay of magnetic resonance (MR) images

As originally described in Ishii et al. 21, anatomical magnetic resonance imaging (MRI) was performed
using a Philips Achieva 3.0 TX scanner (Royal Philips Electronics, Eindhoven, the Netherlands) to permit
registration of magnetic source locations with respective anatomical locations. Five markers (Medtronic
Surgical Navigation Technologies, Broom�eld, CO) were attached to the scalp (i.e., two markers 10 mm in
front of the left and right tragus, one marker 35 mm above the nasion, and two markers 40 mm to either
side of the marker above the nasion). MEG data were superimposed on MRI images using information
obtained from these markers and the MEG localization coils.

Statistical analysis

about:blank
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All values are presented as mean ± SD unless otherwise stated. A paired t-test was used to compare
levels of handgrip strength and fatigue sensation between before and after target and control conditions
and rest and handgrip sessions. Pearson’s correlation analysis was performed to assess associations
between decreased handgrip strength in the target condition and increased subjective level of physical
fatigue sensation in the target condition. All P values were two-tailed, and values < 0.05 were considered
statistically signi�cant for the tests.

Results
Physical fatigue sensation

The subjective level of physical fatigue sensation after the rest session was not altered compared with
that before the rest session, and that after the handgrip session was increased compared with that before
the handgrip session (t17 = 0.627, P = 0.539 and t17 = 4.999, P < 0.001, respectively; paired t-test; Figure
2A). The subjective level of physical fatigue sensation after the target condition was increased compared
with that before the target condition, and that after the control condition was not altered compared with
that before the control condition (t17 = 2.449, P = 0.025 and t17 = 1.968, P = 0.066, respectively; paired t-
test; Figure 2B).

Handgrip strength

Handgrip strength on the �rst day was analyzed for 17 participants because of failure to save handgrip
strength data for 1 participant. Handgrip strength on the second day was analyzed for 18 participants.

Handgrip strength after the rest session was not altered compared with that before the rest session, and
that after the handgrip session was decreased compared with that before the handgrip session (t16 =
0.474, P = 0.679 and t16 = 6.419, P < 0.001, respectively; paired t-test; Figure 3A). Handgrip strength after
the target condition was decreased compared with that before the target condition, and that after the
control condition was not altered compared with that before the control condition (t17 = 2.436, P = 0.026
and t17 = 1.903, P = 0.963, respectively; paired t-test; Figure 3B). The decrease in handgrip strength under
the target condition was greater than that in the control condition (t17 = 2.841, P < 0.001, paired t-test;
Figure 3C). In addition, the decreased handgrip strength in the target condition was positively associated
with increased subjective levels of physical fatigue sensation in the target condition (r = 0.521, P = 0.027,
Figure 4).

Spatial �ltering analysis of MEG data

MEG data from two participants were excluded because the numbers of trials of MEG data after the
removal of trials contaminated with artifacts were insu�cient for analysis (i.e., MEG data with < 24
epochs were excluded from our analysis). Decreased beta band power in the right BA 46 in the temporal
window of 1,500–2,000 ms after the onset of presentation of the imaginary handgrip cue observed in the
target condition was greater than that observed in the control condition (Figure 5; Table 1). In addition,
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correlations were seen between alterations in neural activity during the imaginary handgrip in the target
condition relative to those in the control condition and increased subjective levels of physical fatigue
sensation in the target condition relative to those in the control condition. Increased fatigue sensation
was associated negatively with increased theta band power in BA 22, positively with decreased alpha
band power in BA 39, and positively with increased gamma band power in the precentral gyrus (Figure 6;
Table 2).

Discussion
In the present study, participants performed a handgrip session that was intended to induce sensations of
physical fatigue on the �rst day. On the second day, the participants performed the target condition of the
MEG session, in which they were instructed to imagine performing maximum grip (i.e., motor imagery of
maximum hand grip) by the right hand while re-experiencing the fatigue sensation of the right hand
experienced in the handgrip session on the �rst day. Performing the target condition caused an increase
in physical fatigue sensation and a decrease in handgrip strength. The increased subjective level of
physical fatigue sensation in the target condition was positively associated with the decreased handgrip
strength in the target condition. In the MEG session, the decreased beta band power in the right BA 46
observed under the target condition was greater than that observed under the control condition. In
addition, the increased subjective levels of physical fatigue sensation in the target condition relative to
that in the control condition were associated with increased theta band power in BA 22, decreased alpha
band power in BA 39, and increased gamma band power in the precentral gyrus.

In this study, increased physical fatigue sensation and decreased handgrip strength were observed in the
target condition on the second day, in which motor imagery of maximum grip of the right hand was
performed while re-experiencing the fatigue sensation of the right hand experienced on the �rst day. We
employed the procedure of imaginary handgrip because actual motion of the hands causes
electromagnetic noise that would make the MEG data di�cult to analyze. In fact, the neural activity
involved in executing an action is reportedly similar to that observed during motor imagery of the action
24,25 and some aspects of the neural mechanisms related to the inhibitory system of fatigue have been
successfully investigated using the procedure of imaginary handgrip 14,26,27. Since the participants self-
generated fatigue sensation by re-experiencing the fatigue sensation under the target condition of the
MEG session and the subjective level of physical fatigue sensation caused in the target condition was
positively associated with decreased handgrip strength, self-generation of the fatigue sensation was
con�rmed to suppress physical performance (i.e., handgrip strength in the present study).

The alteration of neural activity in the right BA 46 (i.e., the DLPFC) caused by the imagery of maximum
grip by the right hand while re-experiencing the fatigue sensation in the right hand was assessed using
MEG. Decreased beta band power in the right BA 46 was observed in the temporal window of 1,500–
2,000 ms after the onset of the imaginary handgrip in the target condition. Our results indicated that the
right DLPFC was involved in the regulation of physical performance through activation of the inhibition
system caused by fatigue sensation. Since decreases in alpha and beta band power can be interpreted as
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activation of the cortical area involved in cognitive information processing 15, the decreased beta band
power in the right BA 46 observed in the present study can be interpreted as the right BA 46 being
activated to regulate physical performance in the presence of fatigue sensation.

The increased subjective level of physical fatigue sensation was positively associated with increased
gamma band power in the precentral gyrus. The precentral gyrus is the anatomical location of the
primary motor cortex (M1) and includes a portion of the supplementary motor area (SMA) 28-30. The M1
and SMA reportedly display the increased gamma band power (i.e., event-related synchronization of the
gamma band) just after movement onset, with this increase being sustained for almost the entire
movement period 31-34. The increased gamma band power is thought to indicate sensorimotor integration
in the motor cortex, re�ecting motor planning 35,36. In addition, these increases in gamma band power in
the M1 and SMA are observed not only during actual motor execution, but also during motor imagery 37.
Taking such �ndings into consideration, the correlation between gamma band activity in the precentral
gyrus and the level of fatigue sensation observed in our study may suggest enhanced adjustment of
motor planning in the precentral brain regions caused by the induction of a fatigue sensation to properly
suppress motor output and thus maintain homeostasis.

The increased subjective level of physical fatigue sensation was associated with increased theta band
power in BA 22 and decreased alpha band power in BA 39. BA 39 is reportedly related to re-experiencing
past events 38,39. BA 22 and BA 39 are also reportedly involved in re-experiencing sensations of physical
fatigue 40. The neural activity in these brain regions may thus be observed in relation to re-experiencing
the fatigue sensation generated in this study.

Various limitations to the present study should be considered. First, all participants were healthy males.
To generalize our �ndings, studies with healthy females and participants suffering from fatigue or
fatigue-related pathologies in future studies may be of great value. Second, since the level of fatigue
sensation perceived is subjective and assessment of the level of fatigue sensation thus relies on self-
reports such as the VAS scores used in the present study, the temporal resolution of assessing the level of
fatigue sensation was insu�cient to follow alterations in level of fatigue sensation within each trial. In
our study, decreased beta band power in the right BA 46 was observed in the temporal window of 1,500–
2,000 ms after starting the imaginary handgrip. The activation of the BA 46 in the last 500-ms temporal
window in each trial can be speculated to be due to a gradual increase in the level of fatigue sensation
from the onset of the imaginary handgrip toward the end of the imaginary handgrip within each trial. The
level of fatigue sensation in the last 500-ms temporal window would thus be higher than that in the
previous temporal windows. However, since the temporal resolution of assessing the level of fatigue
sensation was low, as discussed above, we cannot con�rm the interpretation of the �nding that the
decreased beta band power in the right BA 46 was observed in the temporal window of 1,500–2,000 ms
after onset of the imaginary handgrip.

In conclusion, we showed that the fatigue sensation induced by re-experiencing a previously experienced
fatigue sensation can decrease physical performance and that activation of the right BA 46 was related
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to the activity of the inhibition system to regulate physical performance in the presence of fatigue
sensation. Our �ndings are expected to contribute to elucidation of a better understanding of the neural
mechanisms by which fatigue sensation suppresses physical performance in fatigue and to the
development of methods to deal with fatigue and fatigue-related problems.
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Tables
Table 1. Brain regions showing change in oscillatory power between target and control conditions

Decrease/increase Frequency Location BA MNI coordinates (mm) Z value

x y z

Decrease 13–25 Hz middle frontal gyrus 46 52 43 30 3.81

BA, Brodmann area; MNI, Montreal Neurological Institute.

x, y, z: Stereotaxic coordinate.

Data were obtained from random-effect analysis (paired t-test, P < 0.021, family-wise error rate).
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Table 2. Brain regions showing correlation with increased subjective levels of physical fatigue sensation
between target and control conditions

Decrease/increase Frequency Location Positive/Negative BA MNI
coordinates
(mm)

Z
value

x y z

Increase 4–8 Hz Superior
temporal
gyrus

Negative 22 -68 -37 15 4.17

Increase 25–58 Hz Precentral
gyrus

Positive   47 -12 35 3.8

Decrease 8–13 Hz Superior
temporal
gyrus

Positive 39 42 -52 10 4.46

BA, Brodmann area; MNI, Montreal Neurological Institute.

x, y, z: Stereotaxic coordinates.

Data were obtained from random-effects analysis (paired t-test, P < 0.05, family-wise error rate).
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Figure 1

Experimental design A) The study was performed on two separate days. The experiment on the �rst day
consisted of a rest session in which participants were instructed only to view visual cues presented on a
display so that they did not experience physical fatigue, and a hand grip session to induce the sensation
of physical fatigue. The MEG session on the second day consisted of a target condition and a control
condition. In the target condition, participants were instructed to re-experience the sensation of fatigue in
the right hand as experienced in the handgrip session, during imagery of maximum grip by the right hand.
In the control condition, participants were instructed to re-experience the sensation of no fatigue in the
right hand as experienced in the rest session, during imagery of maximum grip by the right hand. B)
Imaginary handgrip cues consisted of visual and auditory presentations. The visual presentation was a
white circle projected onto a screen. This visual cue was presented over each experiment on the second
day. The auditory presentation consisted of two pacing cues (i.e., a 440-Hz beep for 200 ms as a pacing
cue) followed by one imaginary handgrip cue (i.e., a 1000-Hz beep for 200 ms as a imaginary handgrip
cue).

Figure 2

Subjective level of physical fatigue sensation A) Subjective levels of physical fatigue sensation before
and after the rest and handgrip sessions on the �rst day. Open columns indicate values assessed before
sessions. Closed columns indicate values assessed after sessions. B) Subjective levels of physical
fatigue sensation before and after target and control conditions on the second day. Open columns
indicate values assessed before conditions. Closed columns indicate values assessed after conditions.
Data are presented as mean ±SD. *P < 0.05 and **P < 0.001, paired t-test.
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Figure 3

Handgrip strength A) Handgrip strength assessed before and after rest and handgrip sessions on the �rst
day. Open columns indicate values assessed before sessions. Closed columns indicate values assessed
after sessions. B) Handgrip strength assessed before and after target and control conditions on the
second day. Open columns indicate values assessed before conditions. Closed columns indicate values
assessed after conditions. C) Decrease in handgrip strength in target and control conditions on the
second day. Data are presented as mean ±SD. *P < 0.05 and **P < 0.001, paired t-test.
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Figure 4

Relationship between increased subjective level of physical fatigue sensation in the target condition and
decreased handgrip strength in the target condition The linear regression line, Pearson’s correlation
coe�cient, and P values are shown.
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Figure 5

Statistical parametric map of the brain region in which the level of decreased beta band (13–25 Hz)
power was higher in the target condition than in the control condition on the second day Random-effects
analysis of 16 participants, P < 0.05, within BA 46 with small volume collection.
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Figure 6

Statistical parametric map of the brain regions in which increased subjective levels of physical fatigue
sensation in the target condition relative to that in the control condition correlated with alterations in
oscillatory brain activity Brain regions showing increased subjective levels of physical fatigue sensation
in the target condition relative to those in the control condition correlate negatively with increased theta
band power (A), positively with increased gamma band power (B), and positively with decreased alpha
band power (C). Random-effects analysis of 16 participants, P < 0.05, with family-wise error correction for
the entire search volume (whole brain).


