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Abstract

Accumulating evidence suggests that the overall level of cortical activation controlling a voluntary
motor task that leads to significant muscle fatigue does not decrease as much as the activation level
of the motoneuron pool projecting to the muscle. One possible explanation for this “muscle
fatigue>cortical fatigue” phenomenon is that the brain is an organ with built-in redundancies: it has
multiple motor centers and parallel pathways, and the center of activation may shift from one location
to another when neurons in the previous location become fatigued. This hypothesis was tested by
estimating the changes of source locations of high-density (64 channels) scalp
electroencephalographic (EEG) signals collected during both fatigue and non-fatigue motor tasks.
A current dipole model was used to estimate the EEG sources. The fatigue motor task induced
significant muscle fatigue, and the non-fatigue task did not. The EEG signal source that indicated
the center of brain activation showed substantial location shifts during the fatigue motor task. The
shifts could not be explained by variations of source locations caused by error estimated from the
non-fatigue task EEG and simulated data. Compared to the non-fatigue condition, the weighted-
center of the source locations for all the participants shifted toward the right hemisphere (ipsilateral
to the muscle activation), anterior, and inferior cortical regions under the fatigue condition. Fatigue
did not alter dipole (source-signal) strength or the overall level of brain activation. The brain may
avoid fatigue by shifting neuron populations that participate in a fatiguing motor task.
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INTRODUCTION

Muscle fatigue is reflected by a reduction in force-generating capability of the muscle, which
can lead to an increase in the chance of injury and a decrease in productivity and quality of
life. Muscle fatigue can be categorized as being of central or peripheral origin, with a majority
of cases involving both (Gandevia, 2001). Although mechanisms that contribute to muscle
fatigue have been studied extensively (review: Enoka and Stuart, 1992; Fitts, 1994), the role
of cortical centers in contributing to fatigue during voluntary motor tasks (e.g., whether the
brain is able to generate constant descending commands) or in modulating muscle fatigue is
still largely unknown.

Early human research, although lacked tools to directly assess central contributions to muscle
fatigue, concluded that the primary sites of fatigue lie within muscle (Bigland-Ritchie, 1981;
Edwards, 1981; Fitts, 1994; Merton, 1954). More recent investigations, however, suggest that
significant fatigue occurs also at supraspinal levels (Butler et al., 2003; Di Lazzaro et al.,
2003; Gandevia et al. 1996; Taylor et al., 2000). However, when examining studies that
quantified both central and peripheral signal changes of the neuromuscular system, the data
show that peripheral fatigue is more profound than central fatigue. For example, the force
output at the end of a 3-min sustained maximal elbow flexion contraction declined more than
60% compared to the initial value, but the voluntary activation level of the muscle decreased
less than 10% (Gandevia et al., 1996; Butler et al., 2003). Similarly, handgrip force decreased
60% following performance of 200 maximal handgrip contractions, but the brain signal showed
only minimal reductions as measured by functional magnetic resonance imaging (fMRI) (Liu
et al., 2005a) and movement-related cortical potential (MRCP) derived by averaging the
contraction-triggered scalp EEG signals (Liu et al., 2005b). Thus, although central fatigue has
been recognized, its severity is less than the fatigue observed at the peripheral level (e.g.,
indicated by force changes). This suggests that the primary mechanism contributing to fatigue
induced by voluntary muscle actions is not of central origin.

Why is fatigue at the cortical level less severe than that at the muscular level? A hypothetic
answer is that the brain is a redundant organ that has multiple motor control centers with parallel
projections to motoneuron pools in the spinal cord; the availability of multiple cortical centers
controlling one motor task or muscle group makes “shifting of activation center” possible
among these centers to compensate for fatigue. Numerous studies have shown multiple brain
region activation even in controlling non-fatigue, simple motor tasks (e.g., Dai et al., 2001;
Liu et al., 2003). The concept of activation shifting as a strategy to prolong a motor task under
the condition of muscle fatigue has been presented for a long time with limited evidence
showing rotation of motor units (Sogaard, 1995), muscles (C6té et al., 2002) and cortical
neurons (Belhaj-Saif et al., 1996). The purpose of this study was to examine the “shifting of
activation center” hypothesis by reconstructing time- or muscle fatigue-varying sources of
high-resolution scalp EEG signals.

MATERIALS AND METHODS

Subjects and motor task

Seven healthy men participated in the study (age 33 + 9 years, all right-handed). The
experimental procedures were approved by the Institutional Review Board at The Cleveland
Clinic Foundation. All subjects gave informed consent prior to their participation.

Each subject performed 200 intermittent handgrip maximal voluntary contractions (MVCs) of
the right arm in a single session. Each contraction lasted 2 s, followed by a 5-s rest. To maintain
correct timing of the contractions, subjects performed the contractions by following visual cues
displayed on an oscilloscope screen. The visual cues were a series of traveling rectangular

Neuroimage. Author manuscript; available in PMC 2009 June 25.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Liuetal.

Page 3

pulses, each of which was 2 s with a 5-s interval between pulses. The height of the pulses
indicated the amplitude of the initial (non-fatigue) MV C force of the subject. Subjects
performed each MV C trial by following the shape of each pulse and rested during the 5-s inter-
trial interval. They were asked to exert the maximal force while avoiding unnecessary body
movements. The handgrip force, electromyographic (EMG) signals, and scalp EEG data were
recorded simultaneously (Liu et al., 2005b).

Six of the subjects (one could not come back) also participated in a control (non-fatigue)
experiment in a separate session at least one week apart from the fatigue session. The control
experiment also involved 200 handgrip MVCs but with a much longer rest period (30 s)
following each MVC. Similar visual cues were provided, i.e., 2-s rectangular pulses and 30-s
inter-trial intervals. The long rest period following each MV C was intended to minimize muscle
fatigue.

Force and EMG data recording

The force data were recorded by a pressure transducer housed in a sealed hydraulic environment
(Liu etal., 2000, 2002a). For each contraction, subjects gripped a bottle-like device that was

connected to the transducer by a nylon tube filled with distilled water. When the device was

gripped, the pressure change in the sealed space was sensed by the transducer. The transducer
output was directed to a Spike 2 data acquisition system (version 3.05, Cambridge Electronic
Design, Ltd., Cambridge, UK) and was sampled at 100 Hz.

Surface EMG signals were recorded from ten muscles from both arms, including three major
muscles involved in the handgrip of the right arm: flexor digitorum superficialis (FDS), flexor
digitorum profundus (FDP), and extensor digitorum (ED, antagonist). (For details of EMG
recordings from the other muscles, see Liu et al. 2005b). The muscles were identified by
palpating the muscles while subjects moved the appropriate joints. Bipolar electrodes (Ag-
AgCl, 8-mm recording diameter, In Vivo Metric, Healdsburg, CA) were attached on skin
overlaying each muscle. A reference electrode was placed on the skin overlaying the lateral
epicondyle near the elbow joint of the right arm. The EMG data were amplified (x 1000;
Neurodata Amplifiers, Model 15A, Grass-Telefactor, West Warwick, RI), band-pass filtered
(3-1000 Hz), and recorded by the Spike 2 data acquisition system at a sampling rate of 2000
Hz.

The force, EMG, and EEG time courses were recorded throughout the experiment (Fig. 1).
Initial handgrip MV C force was measured in each subject at the beginning of the experiment
to normalize the subsequent force data, along with the FDS and FDP surface EMG signals. A
brief MVC (3-5 s) of each of the other muscles or muscle groups was performed to record
MVC EMG of those muscles (Liu et al., 2005b). These initial MVVC EMG data of each muscle
were used in the data analysis to normalize EMG signals of the same muscle obtained during
the subsequent fatigue and non-fatigue contractions.

EEG data recording

EEG signals were recorded from the scalp by a 64-channel NeuroSoft SYNAMPS system
(version 4.2, NeuroScan, El Paso, Texas, USA). Subjects were seated in a position that allowed
them to perform the handgrip task comfortably. The electrode cap that holds the 64 Ag-AgCl
electrodes was placed onto each subject’s head based on the International 10-20 positioning
method (Jasper, 1958). Conducting gel (Electro-gel™, Electro-Cap International, Inc., Eaton,
OH, USA) was injected (by syringe) into the electrodes to connect the recording surface of
each electrode with the scalp. The impedances of the EEG channels were maintained below
10 KQ. One of the 64 electrodes (O2) was used to record the handgrip force such that the force
could be used as the trigger signal for the EEG averaging (see below). The remaining 63
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electrodes were referenced to the linked mastoids (M1 and M2). The EEG signals were band-
pass filtered (0.05-50 Hz), amplified (x 75,000), and recorded on the hard disk of the computer
at a sampling rate of 250 Hz. (Note that the same EEG data were analyzed in Liu et al.
[2005b] to determine the effect of muscle fatigue [induced by the same handgrip MVC task]
on frequency power of the EEG signals.)

Force and EMG data analysis

The force and EMG data were processed and analyzed using the Spike2 software package. For
each trial, a mean value of the force was calculated from the data points that represented
relatively stable force values (the ascending and descending portions of the force timecourse
were excluded). The EMG data of each trial of each muscle were rectified and averaged over
the same time period as force. The force and EMG values of individual trials were then averaged
over each 40-contraction block, resulting in five data points across the 200 contractions (Fig.
2). The averaged force and EMG data were normalized to the corresponding initial MVC
values. Finally, the normalized data were averaged across the subjects.

EEG source reconstruction

The raw EEG data were visually inspected and the trials with artifact caused by eye blinks,
teeth biting, or head/body movements were excluded from further analysis. The EEG signals
of each subject were trigger-averaged over the selected (clean) trials (ranged from 34 to 40
trials) in each 40-contraction data block. The timing of the trigger (time 0) corresponded to
20% of the initial MVC force in each trial. This triggered-average of EEG signals across trials
in each block yielded so-called movement-related cortical potential (MRCP) directly related
to the handgrip contraction (Liu et al., 2005b). A 50-ms time period preceding the MRCP peak
was used for source reconstruction for each block of EEG data (Fig. 1). The MRCP signal
within this period, roughly corresponding to the initiation of the muscle contraction, most likely
represented cortical activities related to execution of the motor task (Hallett, 1994; Siemionow
et al., 2000). However, a slight contribution from early sensory feedback to the MRCP signal
in this time window cannot totally be ruled out.

Source reconstruction analysis was performed using the Curry software (Version 4.0,
Compumedics Inc., El Paso, TX) (Wagner, 1998). Principal component analysis (PCA) was
applied to the EEG signals and only components with a signal-to-noise ratio greater than 1.0
were retained (Lagerlund et al., 1997). A spherical volume conductor head model was adopted,
which consisted of three compartments representing the brain, skull, and scalp (Niedermeyer
and da Silva, 1999). The radii of the brain, skull, and scalp spheres were 76.2, 83.4, and 89.7
mm, respectively. The electrical conductivities of the brain and the scalp were 0.33 QIm™1,
and that of the skull was 0.0042 Q- Im1 (Mosher et al., 1999). A single moving current dipole
model was used to best represent the overall brain activation center (Mosher et al., 1999; Yao
and Dewald, 2005). The difference between the actual and modeled EEG signals were
minimized to obtain the dipole parameters (location, strength, and orientation) using the
Nelder-Mead downhill simplex minimization algorithm (Nelder and Mead, 1965). This was
performed at each data point (4 ms per data point) within the selected 50-ms time window prior
to the MRCP peak (Fig. 1), and the results were averaged to obtain one dipole for each
contraction block.

Statistical analysis

Force, EMG, and the dipole strength during the course of the fatigue task were statistically
analyzed using a general linear model for multivariate repeated measures (over time) followed
by multiple comparisons among the data blocks (see Liu et al. 2005a,b for details). The
significant different data blocks were denoted in the result figures (P < 0.05). For each plot of
source locations (X: left to right; Y: front to back; Z: bottom to top; Fig. 3), an ellipse
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representing the 95% confidence limit (i.e., region that statistically encloses 95% of the data
points) was generated (see, e.g., Press et al. 1992 for details of the method). The areas and
centers of the ellipses were determined so as to compare the differences between the fatigue
and control conditions. Standard deviations (SD) of the source locations at the X, Y, and Z
directions in the two conditions were plotted as a function of contraction block and linear
regressions were performed to examine the effect of fatigue/contraction block on the SD (Fig.
4). The differences in the dipole strength and locations (X, Y, and Z, respectively) in the two
conditions were also examined by unpaired t test (P < 0.05). (Paired t test could not be
performed because the number of subjects under the fatigue condition [n=7] differed from that
under the non-fatigue condition [n=6]).

Error Estimation by Simulation

RESULTS

A simulation study was performed to estimate the error in source location and strength. A single
dipole with assigned parameters was used to generate the EEG data at the electrode locations
of the NeuroScan system. Random noise at a substantial level (~30% of the local field strength)
was added to the simulated EEG data. The source was then determined from the noise-
contaminated data using the same algorithm employed for the real EEG data. The simulation
was performed 40 times; the locations and strengths of the fitted sources were averaged and
the standard deviations were obtained.

Force and EMG

Despite the subjects’ maximal effort throughout the experiment, the force declined
significantly, from ~80% (block 1) to ~40% (block 5) of the initial MV C level (Fig. 2a). The
EMG signals of the two finger flexors (FDS and FDP) and the antagonist (ED) decreased in
parallel with the force (Fig. 2b). The fatigue-related force and EMG changes were very similar
to those from our previous studies involving similar MVC task protocols (Liu et al., 2005a).
The declines in force and EMG were significant (P < 0.05) under the general linear model
statistical analysis. There are significant differences between the early stage data (blocks 1 and
2) and later stage ones (blocks 3 to 5) detected by the multiple comparisons, indicating
significant fatigue in the muscles. However, the force (Fig. 2¢c) and EMG (Fig. 2d) measured
in the control (non-fatigue) experiment did not change significantly, indicating that the level
of fatigue was similar among the five blocks of handgrip contractions. EMG results from the
other seven finger, arm, and shoulder muscles of both the upper limbs did not change with
fatigue (see Fig. 2 in Liu et al., 2005b); these EMG results ruled out the possibility of brain
activation center shifting being contributed by altering activities of muscles other than major
handgrip muscles of the performing limb.

EEG Source location and strength

The locations of the fitted dipoles are shown in Fig. 3 on the X-Y (upper panel, top view), X-
Z (middle panel, back view), and Y-Z (lower panel, side view) planes. The locations of the
dipoles during the fatigue task had large spatial dispersions, as if they moved from one region
to another (standard deviations in X, Y, and Z directions were 22, 27, 24 mm, respectively;
Table 1). However, the locations of the dipoles for the 5-trial blocks during the non-fatigue
experiment showed limited variations (mean standard deviation = ~10 mm; Table 1), which
were very similar to the variations caused by noise in the simulation experiment (mean standard
deviation = ~12 mm; Table 1). This range (10-12 mm) of error is consistent with that found
by other studies that analyzed either real or simulated data (Kristeva-Feige et al., 1997;Cuffin
et al., 2001;Schaefer et al., 2002), which demonstrated that the source parameters could be
repeatedly determined with reasonable accuracy. For example, Cuffin et al. (2001) estimated
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EEG source error to be about 11 mm using a source reconstruction algorithm similar to the one
we used.

The differences in the X, Y, and Z dipole locations between the fatigue and non-fatigue
conditions were significant as revealed by unpaired t test (P = 0.026, 0.003, and 0.027 for X,
Y, and Z planes, respectively). Correspondingly, the areas of the 95% confidence ellipses in
the fatigue experiment were substantially larger than those in the non-fatigue experiment (Table
1). Compared to the non-fatigue condition, the centers of the ellipses in the fatigue condition
were more towards the right (greater X), anterior (smaller Y) and inferior (smaller Z) regions
of the brain (Table 1). It is worth noting that the comparison of the first-block data (early stage
of fatigue) was not significant between the fatigue and non-fatigue conditions while the
comparison of the fifth-block data was significant, meaning that the dipole location shift
observed under the fatigue condition was indeed induced by fatigue. The data in Fig. 3 show
that many activation center data points are located in the ipsilateral (right) hemisphere, even
for the control data set; the center of the ellipse is close to the middle line (Fig. 3, upper and
middle panels). There might be a number of reasons to explain this phenomenon. One is that
although the control condition involved little fatigue, the motor activity was an MV C task that
required the greatest output of control centers, which may have involved substantial activation
in the ipsilateral sensorimotor regions. Other explanations may include errors of the inverse
solution method and possible activations of the trunk and/or neck muscles during the maximal-
effort handgrip contractions that would influence the dipole location.

Further analysis of standard deviation (SD) data of the source locations revealed that (i) the
SD value in the fatigue condition was greater than the control condition in every contraction
block at every axis (Fig. 4); (ii) in general, the difference in the SD between the two conditions
became larger as fatigue became more severe (later blocks) in the fatigue condition; (iii) there
was a strong trend of increase in the SD at all three directions (X, Y, and Z) with fatigue in the
fatigue condition (Fig. 4, regression lines for the filled symbols) while the SD remained
relatively stable in the non-fatigue/control condition (Fig. 4; regression lines for the open
symbols). All the linear fits in the fatigue condition showed a positive (rising) slope, whereas
the slope in the control condition remained relatively flat. Correlation analysis between the
fatigue SD data (filled symbols in Fig. 4) and handgrip force results (Fig. 2a) showed high
correlation values (X: r=-0.78, P = 0.06; Y: r=-0.83, P = 0.04; Z: r =-0.64, P = 0.13),
indicating a relatively strong association between the level of fatigue (reduction of the force)
and shift of the source location (increase of the SD).

In contrast to large-scale movements of the cortical activation center (large variation in the
dipole location) during the fatigue process, the strength of the fitted dipoles under both fatigue
and non-fatigue conditions remained at a relatively stable level across the 5-trial blocks (P =
0.4). There was also no significant difference in the dipole strength between the two conditions
(P = 0.1; Fig. 5). Because the dipole strength was quite repeatable in the simulation study
(standard error/mean = 21%, mean/true value-1=12%), dipole strength results estimated based
on the experimental data should be considered reliable. Thus, since the dipole strength indicates
the overall cortical current density, the non-difference in dipole strength suggests that the
amplitude of the cortical signal related to execution of the motor activity was not significantly
affected by muscle fatigue.

DISCUSSION

The main findings of this study, compared to the control (non-fatigue) condition were that (1)
the location of the center of cortical activation varied (shifted) significantly, (2) the group-
weighted center of the activation (center of the ellipse) was located more towards the right,
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anterior and inferior regions of the brain, and (3) the strength of the EEG source signal (dipole)
did not change with the fatigue condition.

The primary finding of this study is the shifting of the activation center of the brain associated
with fatigue. Compared to the limited spatial distribution of the source locations in the non-
fatigue task, the much larger dispersion of the dipole locations in the fatigue task suggests that
the activation center or the region with the strongest activation varied with fatigue. This
observation may be explained as a strategy of the brain to prolong the motor performance or
maintain the muscle output after fatigue sets in. When one group of active cortical neurons
became “fatigued”, another population of the cells might have taken over the function, and so
on, so that the descending command to the motoneuron pool could continue without significant
compromise. Fatigue of neurons could be contributed by intrinsic adaptations of the cells in
responding to a continuous stimulation or static activation (Kernell and Monster, 1982;
Sawczuk et al., 1995), reflex inhibition (Bigland-Ritchie et al., 1986; Woods et al., 1987), or
input from other sources, such as sensory feedback (Garland and Kaufman, 1995).

Almost no information is available in the literature to suggest whether populations of cortical
neurons shift to compensate for fatigue. Very limited studies have quantified cortical signal
changes during muscle fatigue (Belhaj-Saif et a., 1996; Dettmers et al., 1996; Liu et al.,
2003), and only three involved fatigue with MV C tasks (Liu et al., 2002b, 2005a,b). Due to
technical difficulties, none of these studies, however, were able to determine fatigue-related
shifting of the activation source. A number of studies have reported activation rotation to
compensate for fatigue at the muscular level during prolonged muscle activities at sub-maximal
intensity, but none has done this at the maximal intensity level. For example, during the later
portion of a 10-min sustained contraction of elevating the shoulder at about 5% maximal level,
Westgaard and de Luca (1999) observed that low-threshold motor units of human trapezius
muscle showed periods of inactivity and were substituted by motor units of higher recruitment
threshold. This phenomenon was not noticed during the first few minutes of the contraction.
The silenced motor units were reactivated after a period of “rest.” The authors speculated that
the motor unit “substitution” protects motor units from excessive fatigue (Westgaard and de
Luca, 1999). Another study (Sogaard, 1995) involved recording single motor units from elbow
flexors during static and dynamic elbow flexion contractions of human participants at about
10% maximal intensity. The author noticed that a large proportion of motor unit activation was
bursting activities. This observation was interpreted as rotations of activity between motor units
because in some of the recordings, when one motor unit was recruited and increased its
discharge rate, another motor unit showed decreases in firing rate and then stopped firing
(Sogaard, 1995). These single motor unit studies were conducted at relative low muscle
activation intensity levels with minimal to moderate induced muscle fatigue. It is expected that
more severe fatigue occurs in prolonged maximal-intensity contractions, such as those adopted
in our experiments and the “motor unit rotation” phenomenon could be more noticeable under
this condition. However, single motor unit activities are difficult to be reliably recorded and
discriminated during high-intensity muscle contractions or contractions with severe fatigue.

Rotation/shifting of muscles at different joints has also been seen to compensate for fatigue.
When fatigue occurred during hopping activities, the participants relied on proportionally
greater knee muscles compared to ankle muscles to accomplish the movements (Bonnard et
al., 1994). During repetitive weightlifting, subjects tended to compensate for fatigue by
decreasing the knee and hip extensor muscles while increasing the trunk motion (Sparto et al.,
1997). COté et al. (2002) compared multi-joint kinematics of non-fatigued and fatigued
individuals while sawing. Muscle fatigue was associated with decreases in sawing force and
movement amplitude at the elbow joint, whereas the basic characteristics of the saw trajectory,
including the movement direction, extent and duration, remained consistent. This invariance
was maintained by increasing the movement amplitude at the wrist, shoulder and trunk,
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indicating that muscles at these joints partially took over the function from the work previously
performed by muscles at the elbow joint. The system thus takes the advantage of the redundancy
of the motor apparatus to maintain the endpoint trajectory despite fatigue occurred in muscles
at the elbow joint.

Compared to the non-fatigue condition, the centers of the ellipses or center of source locations
pooled from all the data points in the fatigue condition shifted toward the right hemisphere,
anterior and inferior regions of the brain. This right-, anterior- and inferior-ward center location
change might be influenced by fatigue-induced activity augmentation in the ipsilateral (right)
sensorimotor, prefrontal (anterior), and cingulate (inferior) cortices. As the level of activation
was amplified in these regions of the participants, the weighted center would shift towards
these cortical fields. This explanation is in accord with recent fMRI results that demonstrate
acute functional adaptations of the brain during progressive muscle fatigue, in which the right
sensorimotor, prefrontal (anterior direction), and cingulate (inferior direction) cortices
increased activation level (measured by fMRI) with muscle fatigue in the right arm (Liu et al.,
2003). Participation of the ipsilateral sensorimotor cortex in control of limb movements has
been widely reported, and it has been speculated that an enhancement in the level of its
activation occurs to compensate for fatigue (Liu et al., 2002b, 2003) or damage of the
contralateral sensorimotor region (Newton et al., 2002; Staines et al., 2001; Ward et al.,
2003). The importance of the prefrontal and cingulate cortices in motor control is well described
in text books (e.g., Saper et al., 2000) and increases of activity in these association regions
during fatigue were also explained as a way to compensate for fatigue-related reduction of
activation in the primary motor regions (Liu et al., 2003).

The strength of the dipole was not changed by fatigue. Because the dipole strength was
measured at a time immediately preceding the initiation of muscle activation, we argue that
the dipole strength represented the overall cortical activation level associated with the muscle
contraction execution. This result is consistent with former results obtained from fMRI and
MRCP analyses. The fMRI signals, either in individual primary, secondary or association
motor function-related regions or in the entire brain, experienced little change with muscle
fatigue during a similar MVC handgrip task (Liu et al., 2005a). MRCP obtained from the same
data used in current study also did not show significant fatigue-related change (Liu et al.,
2005b). All these findings tend to suggest that fatigue imposes little effect on the overall
strength of cortical activation. The finding of activation center shifting by this study provides
a reasonable explanation of why the overall activation strength of the brain can be maintained
under the condition of severe muscle fatigue.

This study estimated single dipole locations to illustrate fatigue-related shift of the center of
cortical activation from one time point to another rather than making an endeavor to
differentiate sources from various anatomical locations. The reasons for choosing the single-
dipole model are twofold. First, our main purpose was to examine muscle fatigue-induced
location changes of the overall activation center. Using a single dipole has conceptual
advantages to depict overall dynamic functional adaptation of the brain in dealing with the
fatigue effect. Second, this model is easier to apply than multiple-dipole models. Since each
dipole has 6 degrees of freedom, an increase in the dipole number would substantially raise
the computation time and error. This single-dipole approach has successfully been applied by
former studies to approximate the accumulative activities of a large number of neurons (Mosher
et al., 1999). Furthermore, since this is the first study on the issue of fatigue-induced cortical
source adaptation, this single-dipole model, despite of its simplicity, serves the purpose of the
study sufficiently.

In summary, this study found that a prolonged motor task involving maximal voluntary muscle
contractions significantly fatigued the muscles. However, the overall brain activation level
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associated with control of the muscle contractions did not alter, which is consistent with many
previous observations. The center of cortical activation estimated by reconstructing the EEG
source location, however, shifted substantially from minimal to severely fatigued conditions.
These results support the hypothesis of alternating cortical motor centers to compensate for
fatigue and to maintain optimal descending output. The primary mechanism contributing to
muscle fatigue seems to reside at sub-cortical levels of the neuromuscular system.
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Fig. 1.

Illustration of EEG-derived MRCP (upper panel), EMG (middle panel) and force (lower panel)
time courses. The MRCP profile shows that following a baseline, a slow- to fast-rising negative
potential (NP) occurs before initiation of the muscle contraction. The MRCP was derived from
EEG signals of the C3 electrode located roughly above the left sensoimotor area. The EMG
was recorded from the flexor digitorum superficialis muscle. The dipole fitting was performed
using data from —50 ms (indicated by the first vertical dashed line) to the peak of the NP (second
vertical dashed line). Because this 50-ms period immediately precedes the muscle activation,
it was thought that the NP within this time represented cortical activities associated with
execution of the motor action.
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Fig. 2.

Force and EMG results under the fatigue (a and b) and non-fatigue (control, ¢ and d) conditions.
For the fatigue condition, each data point represents an average of 40 consecutive 2-s handgrip
contractions with a 5-s inter-trial interval or rest. The time taken for each 40-trial block was
280 s. For the control condition, each data point represents an average of 40 consecutive 2-s
handgrip contractions with a 30-s inter-trial interval or rest. The time taken for each 40-trial
block was 1280 s. The force and EMG were normalized to their respective MVC values
acquired at the beginning of the experiments. FDS, flexor digitorum superficialis; FDP, flexor
digitorum profundus; ED, extensor digitorum; R, right arm. The statistical analysis results are
shown at the right of the force (a) or each muscle EMG (b) symbol in the format of (k:m-n),
where k indicates the data point to be compared and m-n indicates the data points (mt" to nth)
that showed significant changes relative to the ki data point (P < 0.05). For example, in plot
(a), (1:2-5) means that all data points from the 2" to 5! are significantly different from the
15t data point. No significant changes were found in control data (c and d).
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Single dipole plots showing locations of the center of brain activation. The locations of the
moving dipoles are plotted in the X-Y (top row, top view), X-Z (middle row, back view), and
Y-Z (bottom row, side view) planes. X: left to right; Y: front to back; Z: bottom to top. The
triangles in the top and middle rows indicate the position of the nose, and positions of the ears
are marked on two sides of each circle in the top and middle rows. In each plot, each subject
is represented by a symbol, and each contraction block is represented by a color (block 1: dark
blue; block 2: red; block 3: green; block 4: magenta; block 5: light blue). The ellipse in each
plot represents the 95% confidence region that contains 95% of the data points in the data set.
The dipole locations show much greater spatial dispersions for the fatigue (left column) than
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non-fatigue (right column) conditions. The centers (indicated by the cross points of the dashed

straight lines) of the ellipses in the fatigue condition are located more toward the right
hemisphere, anterior and inferior regions of the brain.
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Contraction Block

Page 16

Standard deviations of dipole locations along time/block. The plots a, b, and ¢ show standard
deviations of the dipole locations at the X, Y, and Z axes respectively. The solid and open
circles represent experimental data of the fatigue and control conditions, respectively. The
dashed straight lines are linear regressions. R? is the linearity of the fit and the slope of the fit

indicates the trend of the data.
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Fig. 5.

Dipole strengths as a function of time. (a) Fatigue condition, (b) control condition. No

significant changes in dipole strength were found in both conditions, indicating that the
amplitude of brain activation during the period of muscle-contraction execution was not

affected by fatigue (a) or time (b).
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Table 1

Results of source locations in real and simulated data.
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Fatigue experiment

Control experiment

Area of the 95% confidence ellipse (mm?)

X-Y plane 8,877 3,729
X-Z plane 11,356 4,181
Y-Z plane 13,621 3,354
Center of the ellipse: i.e., average (X, Y, Z) inmm
(4,-31, 68) (-6, -15, 79)
Standard deviation of (X, Y, Z) in mm (real EEG data)
+(22, 27, 24) +(10, 11, 10)
Results of simulated noise-added data: (X, Y, Z) in mm
Assigned location: (0,0, 62)
Fitted location: average (-1, 4, 65)
standard deviation: + (15, 13, 8)
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