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New & Noteworthy 40 

The loss of knee movement rate with acute fatigue induced by high-speed movement is 41 
associated with both central and peripheral electrophysiological changes, such as a 42 



decrease in EEG power, increased agonist-antagonist co-contraction, and impaired brain-43 
muscle coupling. These findings had not previously been reported for the knee joint, which 44 
shows functional and physiological differences compared to the existing findings for smaller 45 
upper limb joints. 46 

 47 

Abstract 48 

While the underlying mechanisms behind upper limb (e.g., finger) motor slowing during 49 
movements performed at the maximum voluntary rate have been explored, the same cannot 50 
be said for the lower limb. This is especially relevant considering the lower limb’s larger 51 
joints and different functional patterns. Despite the similar motor control base, previously 52 
found differences in movement patterns and segment inertia may lead to distinct central and 53 
peripheral manifestations of fatigue in larger joint movement. Therefore, we aimed to explore 54 
these manifestations in a fatiguing knee maximum movement rate task by measuring brain 55 
and muscle activity, as well as brain-muscle coupling using corticomuscular coherence, 56 
during this task. A significant decrease in knee movement rate up to half the task duration 57 
was observed. After an early peak, brain activity showed a generalized decrease during the 58 
first half of the task, followed by a plateau, while knee flexor muscle activity showed a 59 
continuous decline. A similar decline was also seen in corticomuscular coherence, but for 60 
both flexor and extensor muscles. The electrophysiological manifestations associated with 61 
knee motor slowing therefore showed some common and some distinct aspects compared 62 
to smaller joint tasks. Both central and peripheral manifestations of fatigue were observed; 63 
the changes seen in both EEG and EMG variables suggest that multiple mechanisms were 64 
involved in exercise regulation and fatigue development.   65 

Keywords: movement rate, electroencephalography, electromyography, motor control, 66 
fatigue 67 

 68 

 69 

Introduction 70 

  Repetitive unloaded movement at maximum voluntary rate has been shown to lead 71 
to decreases in movement rate; this phenomenon has been referred to as motor slowing (1–72 
3). This performance loss is proposed to have a predominantly central origin (1, 2, 4). The 73 
involved mechanisms may include fatigue of intracortical inhibitory circuits, leading to less 74 
fluid (and thus slower) movement patterns (1, 3, 4). It has also been proposed that fatigue of 75 
the central motor command to switch between movement directions drives this decrease, 76 
manifested as a loss of a clear agonist/antagonist electromyographic (EMG) activity pattern 77 
(2). On a different perspective, Zanette et al. (5) found a significant decrease in the size of 78 
the motor representation area and decreased cortical excitability mediated by intracortical 79 
presynaptic modulation after a thumb adduction 1-min maximum voluntary rate task. Thus, 80 
uncertainties remain regarding the mechanisms of motor slowing in healthy individuals. 81 



To the best of our knowledge, the patterns of brain and muscle activity associated with 82 
knee motor slowing have not been previously explored. While it is true that various motor 83 
control mechanisms have been shown to be similar across body regions (6–8), there are 84 
also factors that differentiate upper and lower limb motor control both at central and 85 
peripheral levels. Knee unilateral movements show less sensorimotor lateralization than 86 
finger and elbow movements on functional magnetic resonance imaging (fMRI) as well as 87 
differences to other lower limb joints (9, 10); lower limb joints have also shown a greater 88 
somatotopic sensorimotor and cerebellar overlap as well as different activation patterns 89 
compared to upper limb joints (11). As for peripheral differences, segment inertia has been 90 
shown to affect EMG activity patterns in fast/ballistic movements (6, 12, 13). The increased 91 
inertia of the leg compared to the fingers or wrist may lead to different EMG activity patterns. 92 
Additionally, the typical functional patterns of the upper (low load, asymmetrical, and fine 93 
motor skills) and lower (high load, symmetrical, and directed for balance and stability) 94 
extremities are distinct (14). Finally, changes in motoneuron excitability induced by fatigue 95 
have been shown to differ between the upper and lower limb (15, 16). Therefore, the 96 
physiology behind knee motor slowing may show important differences to the existing upper 97 
limb findings. 98 

Additionally, this study can contribute to the debate on maximal exercise regulation 99 
mechanisms, considering the controversy on the degree of central and peripheral 100 
contributions, and respond to the need to determine the degree of cortical involvement in 101 
rhythmic movements. 102 

In a previous preliminary study, we found significant knee motor slowing using the same task 103 
as in this study (17). In order to further substantiate those findings and to shed light on the 104 
associated physiological mechanisms, the main objective of this study is to determine what 105 
measures of brain and muscle activity are associated with the loss of knee movement rate 106 
with repetitive movement. As a secondary objective, considering the highly dynamic nature 107 
of the used task and the natural motor control variability, we aimed to evaluate the between-108 
session group behavior and the test-retest reliability of these parameters.  109 

  110 

Methods 111 

Sampling and study criteria 112 

A convenience sample was recruited from the local institution. Males between 18 to 39 years 113 
were included. Exclusion criteria were 1) a history of knee, hip, or central nervous system 114 
surgery; 2) a history of hip or knee structural musculoskeletal injury; 3) any contraindication 115 
to ventral decubitus; 4) any condition which prevented participants from performing the 116 
requested movement; 5) regular (>2 times/week) training of any sporting discipline. Males 117 
were chosen for this study since they show greater movement rates and performance 118 
decrement in maximal intermittent tasks such as repeated sprinting (18, 19). This greater 119 
decrement makes significant changes both in performance and in the associated 120 
physiological variables more likely to be detected, providing greater insight into regulatory 121 
mechanisms. The age limit was placed since that is the threshold after which the maximum 122 
motor speed starts to decrease (20). 123 



The study was approved by the local institutional review board (approval number: 8/2021) 124 
and all participants provided written informed consent. Sample size calculation was 125 
performed using G*Power 3.1.9.4 (Heinrich-Heine-Universität Düsseldorf, Düsseldorf, 126 
Germany). Considering changes in movement rate during the task, a sample size of 20 127 
individuals was required to achieve a power of 0.95 with a partial eta squared effect size 128 
(ηp

2)=0.15 over eight repeated measurements. 129 

  130 

Experimental protocol 131 

Participants undertook two experimental sessions separated by at least a week. Upon 132 
arrival, anthropometric data (age, height, body mass) were collected. Participants then 133 
completed a 5-min warm-up on a stationary bicycle at a comfortable rate (≈70 rpm) without 134 
added resistance. Subsequently, participants were placed in the prone position on a table 135 
and asked to perform unloaded bilateral alternating knee flexion/extension movements at 136 
their maximum voluntary rate over eight blocks of 10 s with 5 s of rest between blocks 137 
(Figure 1). Movements were performed in the 45-90° range (Figure 1); before starting, 138 
participants were familiarized with this range of motion as long as needed through the use of 139 
soft bumpers. Afterwards, these bumpers were removed, and participants performed 2-3 s of 140 
knee flexion/extension movements at the maximum voluntary rate to confirm they had 141 
correctly familiarized themselves with the desired range of motion. The accuracy of the 142 
range of motion using this familiarization was confirmed previously (17). 143 

We chose a short movement arc to increase the direction change challenge, since it has 144 
been reported that increased cortical activity is needed for the change between flexor and 145 
extensor movement (21). The prone position was chosen since we aimed to design a task in 146 
which the anti-gravity work was performed by the knee flexors and to remove visual 147 
feedback, as it has been shown to affect the control of high-speed movements (14). 148 
Participants were instructed to maintain their movement rate as high as possible throughout 149 
the entire task through verbal encouragement and were instructed to make any corrections 150 
to the range of motion if needed. Brain activity, muscle activity, and movement rate were 151 
monitored during this task using electroencephalography, electromyography, and 152 
accelerometry, respectively. The experimental setup is depicted in figure 1. 153 

Electroencephalography 154 

A 24-channel EEG device (Vertex SC823, Meditron Eletromedicina Ltda, São Paulo, Brazil) 155 
was used according to the international 10–20 system with online referencing to two 156 
electrodes placed at the mastoid processes; the sampling frequency was 250 Hz and 157 
electrode configuration was as shown in figure 1. Before starting data collection, a circuit 158 
impedance ≤10 kΩ was ensured in all electrodes, and an analog band-pass filter (0.1-70 Hz) 159 
was applied by the amplifier. 160 

Electromyography and accelerometry 161 

Five wireless electrodes (Trigno, Delsys, Natick, MA) were placed on the right vastus 162 
lateralis (VL), rectus femoris (RF), vastus medialis (VM), biceps femoris (BF), and 163 
semitendinosus (ST) according to SENIAM recommendations (22) and secured with 164 



adhesive tape. Prior to electrode placement, the skin was shaved and cleaned with alcohol 165 
to decrease skin impedance. EMG data were collected at a sampling frequency of 1926 Hz. 166 
The EMG system applied a bandpass filter of 10-850 Hz. Two additional electrodes were 167 
placed on the lateral malleoli to collect accelerometry data at a sampling frequency of 148 168 
Hz. 169 

As in previous studies of bilateral lower limb movement rate, we did not differentiate 170 
individuals according to dominance (23, 24). EMG data were assessed on the right limb. 171 
This approach was used since the main focus was on the central motor control aspects of 172 
fast movements; the left hemisphere (which is primarily responsible for right limb movement) 173 
has been shown to have a degree of specialization in controlling fast repetitive movement 174 
(25, 26), and there is a different association with dominance in the structure of the left and 175 
right hemispheres (27). 176 

Data processing 177 

Data were processed using Matlab scripts (MathWorks Inc., Natick, MA) (supplementary file 178 
S1, https://doi.org/10.5281/zenodo.7704280). To analyze the EEG and EMG signals, we 179 
discarded the first and last seconds of each movement block of EEG and EMG signals to 180 
achieve better signal stability, resulting in 8-s periods for each block. For the movement rate 181 
calculation, the entire 10-s period was used since it is not affected by signal stability. 182 
Movement rate was determined using the number of accelerometer peaks during each 183 
block; the presented values correspond to the movement rate of each limb.  184 

EEG data were high-pass filtered at 1 Hz, notch filtered at 50 Hz to remove line noise, and 185 
low-pass filtered at 50 Hz using fourth-order, zero-lag Butterworth filters. Independent 186 
component analysis was performed using EEGLAB (28) to remove muscle, eye, line noise, 187 
mechanical, and other artifacts from the filtered EEG signal using visual inspection to 188 
determine the components to be removed. Artifacts were identified based on their waveform 189 
and biological plausibility. If these artifacts could not be removed in an isolated manner using 190 
independent component analysis, artifact subspace reconstruction was used to minimize 191 
signal loss. The EEG power was calculated for the theta (4-7.9 Hz), alpha (8-14.9 Hz), beta 192 
(15-30.9 Hz), and gamma (31-50 Hz) bands for each 8-s period of the task. We chose to 193 
analyze the EEG data up to 50 Hz since there is a negligible amount of signal content above 194 
this frequency in healthy individuals (29). We calculated two EEG power measures: each 195 
band's relative power as a percentage of the total signal power and the normalized power 196 
referenced to the first block. These parameters were calculated to account for the inter-197 
individual variability and allow for more accurate comparisons. All EEG measures were 198 
calculated for four electrodes placed over areas associated with cortical motor planning and 199 
execution and which have been shown to have movement rate-associated activity: F3, F4, 200 
C3, and C4 (Figure 1). 201 

EMG data were high-pass filtered at 20 Hz, notch filtered at 50 Hz to remove line noise, and 202 
low-pass filtered at 450 Hz using fourth-order, zero-lag Butterworth filters. The signal was 203 
then full-wave rectified and the root mean square (RMS) of the amplitude was calculated 204 
using 250 ms windows with a 125 ms overlap. The three 250-ms windows with the highest 205 
values were selected from each block, averaged, and normalized to the value from the first 206 
block. This normalization of EMG amplitude to that of a similar action being investigated has 207 



been recommended for high-velocity muscle actions (30). Two EMG co-contraction indices 208 
were calculated as a measure of agonist-antagonist coordination; one between the VL and 209 
BF (CCIlat) and another between the VM and ST (CCImed). Both indices were calculated as 210 
the percentage of overlap between the RMS areas of the corresponding muscles for each 211 
block (31). 212 

Corticomuscular coherence (CMC) 213 

To analyze the time-frequency functional coupling of EEG and EMG signals, wavelet 214 
coherence was calculated as described by Yoshida et al.(23) using a publicly available 215 
MATLAB package (Wavelet Toolbox). Morlet wavelet coherence has previously been used 216 
in rhythmic tasks as it is a good choice in terms of time and frequency resolution in the 217 
analysis of nonstationary signals (23, 32). For the coherence analysis, EMG signals were 218 
high-pass filtered at 3 Hz (instead of 20 Hz) and downsampled to 250 Hz to match the EEG 219 
sampling rate. Wavelet coherence was determined in the 1-50 Hz range; the threshold for 220 
coherence significance (CT) was calculated using the following equation (23): 221 

𝐶𝑇 = 1 − 1𝑁 ቀ1 − 𝛼100ቁ൨ ଵିଵ
 

where N is the number of frequency bins and 𝛼 is the confidence level (95% in our study). 222 
Considering the cyclic nature of our task, we defined L as the number of cycles completed 223 
by each participant, as done in a previous study using a task of this type (23). CMC was 224 
calculated between the signals of the C3 electrode and each muscle’s EMG signal. Two 225 
coherence outcomes were used; first, the total area of coherence above the CT was 226 
calculated across the 1-50 Hz spectrum for each block. Second, time-frequency maps of the 227 
observed coherence were constructed to provide a qualitative CMC analysis.  228 

  229 

Statistical analysis 230 

Data normality was tested using the Shapiro-Wilk test. A two-way repeated measures 231 
ANOVA (2 sessions ✕ 8 blocks) was used to test changes in movement rate, EEG power, 232 
EMG RMS, and significant CMC across the eight blocks and between the two sessions. 233 
Post-hoc testing with Bonferroni adjustment for multiple comparisons was made to 234 
determine significant differences between individual blocks (a total of 28 comparisons). 235 
Statistical analyses were performed using SPSS software (v25, IBM Corp., Armonk, NY). P-236 
values <0.05 were considered significant. ηp

2 values were used as a measure of effect size 237 
and classified as small (0.01-0.06), medium (0.06-0.14), and large (>0.14) (33). The test-238 
retest intraclass correlation coefficients (ICC) were calculated using a two-way mixed model 239 
and an absolute agreement definition (34). In cases where the assumptions for the use of 240 
parametric ICCs were violated (i.e., normality and homogeneity of variances (35)), a 241 
nonparametric concordance coefficient was calculated using the “nopaco” R package 242 
version 1.0.5 (36). Considering the number of variables in the electrophysiological analyses 243 
(EEG, EMG, and CMC), and in order to decrease the number of analyses, we determined 244 
the test-retest reliability of the percentage of change (block 1-block 8) and of the linear slope 245 
of the change over the eight blocks. These coefficients were classified as poor (<0.5), 246 



moderate (0.5-0.75), good (0.76-0.9), and excellent (>0.9)(34). In addition to the ICCs, the 247 
test-retest standard error of measurement was also calculated as an index of reliability and 248 
calculated from the mean error term of the corresponding ANOVA, as it has the advantage 249 
of being independent of the ICC (37). Statistical analyses were performed using SPSS 250 
version 25 (IBM Corp., Armonk, NY) and R Studio version 1.2.5042 (Posit Software, Boston, 251 
MA).  252 

 253 

Results 254 

Nineteen participants (age: 25.9±6.4 years; height: 1.77±0.08 m; weight: 74.7±11.2 kg) were 255 
included in the study. The average gap between sessions was 9.1±3.4 days. We did not 256 
enroll the initially planned 20 participants since the intended power was already exceeded 257 
with this sample size. 258 

  259 

Movement rate 260 

There was a significant effect of the block factor, showing a decrease in movement rate (p＜261 
0.001, ηp

2=0.786, power >0.99) but no significant differences between sessions (p=0.079, 262 
Figure 2). In both sessions, 93-96% of the decrease in movement rate occurred in the first 263 
four blocks. Post-hoc testing revealed significant differences between the first and second to 264 
fourth blocks and between the first three and last five blocks (Figure 2). There was no 265 
significant block ✕ session interaction (p=0.788). The ICCs for the movement rate ranged 266 
from 0.74 to 0.92 (good to excellent) across movement blocks (Table 1). 267 

Table 1. Movement rate test-retest ICC and SEM 268 

Block Test-retest ICC (95% CI) Test-retest SEM (Hz) 

1 0.852 (0.559 - 0.95) 0.20

2 0.805 (0.385 - 0.934) 0.16

3 0.891 (0.675 - 0.963) 0.15

4 0.740 (0.291 - 0.908) 0.23

5 0.888 (0.670 - 0.962) 0.14

6 0.915 (0.760 - 0.970) 0.14

7 0.912 (0.754 - 0.969) 0.13

8 0.858 (0.607 - 0.950) 0.16



ICC, intraclass correlation coefficient; CI, confidence interval; SEM, standard error of 269 
measurement 270 

 271 

 272 

Electroencephalography 273 

In the relative band power analysis, there was no significant effect of the block factor in any 274 
electrode (F4: p=0.340 to 0.573; F3: p=0.144 to 0.450; C4: p=0.242 to 0.660; C3: p=0.297 to 275 
0.925), as well as no differences between sessions (F4: p=0.235 to 0.953; F3: p=0.382 to 276 
0.919; C4: p=0.370 to 0.979; C3: p=0.078 to 0.563). The relative EEG power nonparametric 277 
concordance coefficients ranged from 0.62 to 0.77 (moderate to good) for the percentage of 278 
change from the first to the last block and from 0.65 to 0.82 (moderate to good) for the slope 279 
of the changes over the eight blocks (Table 2). 280 

Table 2. Relative EEG power test-retest ICC and SEM 281 

EEG channel Frequency band Parameter Test-retest ICC (95% CI) Test-retest SEM

F4 Theta Pre-post 0.768 (0.626 - 1) 144.3% 

Slope 0.658 (0.547 - 1) 0.037 

Alpha Pre-post 0.708 (0.597 - 1) 48.2% 

Slope 0.667 (0.573 - 1) 0.011 

Beta Pre-post 0.623 (0.532 - 1) 43.4% 

Slope 0.756 (0.642 - 1) 0.016 

Gamma Pre-post 0.689 (0.568 - 1) 82.2% 

Slope 0.652 (0.562 - 1) 0.008 

F3 Theta Pre-post 0.795 (0.674 - 1) 81.1% 

Slope 0.824 (0.716 - 1) 0.020 

Alpha Pre-post 0.616 (0.515 - 1) 51.8% 

Slope 0.684 (0.579 - 1) 0.010 

Beta Pre-post 0.669 (0.562 - 1) 46.0% 



Slope 0.740 (0.641 - 1) 0.010 

Gamma Pre-post 0.722 (0.604 - 1) 88.3% 

Slope 0.694 (0.591 - 1) 0.010 

C4 Theta Pre-post 0.746 (0.631 - 1) 65.9% 

Slope 0.732 (0.616 - 1) 0.025 

Alpha Pre-post 0.666 (0.554 - 1) 29.7% 

Slope 0.659 (0.582 - 1) 0.009 

Beta Pre-post 0.680 (0.569 - 1) 44.9% 

Slope 0.738 (0.615 - 1) 0.013 

Gamma Pre-post 0.683 (0.574 - 1) 127.7% 

Slope 0.675 (0.573 - 1) 0.015 

C3 Theta Pre-post 0.762 (0.648 - 1) 73.5% 

Slope 0.698 (0.576 - 1) 0.029 

Alpha Pre-post 0.720 (0.601 - 1) 39.6% 

Slope 0.653 (0.571 - 1) 0.010 

Beta Pre-post 0.744 (0.623 - 1) 81.7% 

Slope 0.762 (0.642 - 1) 0.014 

Gamma Pre-post 0.723 (0.598 - 1) 155.1% 

Slope 0.678 (0.555 - 1) 0.009 

ICC, intraclass correlation coefficient; CI, confidence interval; SEM, standard error of 282 
measurement 283 

 284 

In the normalized EEG power analysis, a significant effect of the block factor in all frequency 285 
bands at the F4 (theta: p=0.02, ηp

2=0.223, power=0.78; alpha: p=0.011, ηp
2=0.228, 286 



power=0.82; beta: p=0.002, ηp
2=0.286, power=0.93; gamma: p=0.013, ηp

2=0.223, 287 
power=0.81) and F3 electrodes (theta: p=0.02, ηp

2=0.247, power=0.77; alpha: p<0.001, 288 
ηp

2=0.311, power=0.96; beta: p=0.005, ηp
2=0.270, power=0.88; gamma: p=0.015, ηp

2=0.206, 289 
power=0.80) was observed. In the central electrodes, a significant effect of the block factor 290 
was only seen in the C3 electrode for the alpha (p=0.010, ηp

2=0.203, power=0.86) and beta 291 
(p=0.001, ηp

2=0.238, power=0.96) bands. The results of post-hoc testing regarding 292 
significant differences between individual blocks can be seen in figure 3. In general, these 293 
differences tended to show lower EEG power in the later blocks compared to the peak EEG 294 
power at the second or third block. 295 

There were no significant differences in normalized EEG power between sessions in any 296 
electrode (F4: p=0.215 to 0.878; F3: p=0.363 to 0.553; C4: p=0.197 to 0.858; C3: p=0.287 to 297 
0.289). The normalized EEG power nonparametric concordance coefficients ranged from 298 
0.64 to 0.88 (moderate to good) for the percentage of change from the first to the last block 299 
and from 0.62 to 0.80 (moderate to good) for the slope of the changes over the eight blocks 300 
(Table 3). 301 

Table 3. Normalized EEG power test-retest ICC and SEM 302 

EEG channel Frequency band Parameter Test-retest ICC (95% CI) Test-retest SEM

F4 Theta Pre-post 0.642 (0.523 - 1) 60.3% 

Slope 0.712 (0.608 - 1) 0.126 

Alpha Pre-post 0.724 (0.596 - 1) 49.8% 

Slope 0.738 (0.628 - 1) 0.083 

Beta Pre-post 0.688 (0.594 - 1) 41.5% 

Slope 0.752 (0.626 - 1) 0.054 

Gamma Pre-post 0.759 (0.648 - 1) 50.7% 

Slope 0.677 (0.568 - 1) 0.110 

F3 Theta Pre-post 0.629 (0.515 - 1) 86.1% 

Slope 0.718 (0.603 - 1) 0.134 

Alpha Pre-post 0.723 (0.593 - 1) 52.1% 

Slope 0.706 (0.592 - 1) 0.078 

Beta Pre-post 0.761 (0.658 - 1) 25.1% 



Slope 0.797 (0.686 - 1) 0.054 

Gamma Pre-post 0.803 (0.671 - 1) 34.3% 

Slope 0.631 (0.529 - 1) 0.122 

C4 Theta Pre-post 0.729 (0.604 - 1) 49.5% 

Slope 0.655 (0.559 - 1) 0.138 

Alpha Pre-post 0.747 (0.621 - 1) 46.9% 

Slope 0.710 (0.595 - 1) 0.104 

Beta Pre-post 0.722 (0.605 - 1) 73.7% 

Slope 0.735 (0.606 - 1) 0.071 

Gamma Pre-post 0.773 (0.634 - 1) 58.7% 

Slope 0.760 (0.634 - 1) 0.110 

C3 Theta Pre-post 0.878 (0.783 - 1) 49.8% 

Slope 0.771 (0.655 - 1) 0.010 

Alpha Pre-post 0.682 (0.553 - 1) 47.7% 

Slope 0.619 (0.507 - 1) 0.078 

Beta Pre-post 0.678 (0.565 - 1) 37.7% 

Slope 0.701 (0.583 - 1) 0.078 

Gamma Pre-post 0.740 (0.618 - 1) 47.0% 

Slope 0.692 (0.567 - 1) 0.078 

ICC, intraclass correlation coefficient; CI, confidence interval; SEM, standard error of 303 
measurement 304 

 305 

Electromyography 306 



The change in RMS across blocks also showed a similar pattern in both sessions. In the 307 
knee flexors, there was a significant effect of the block factor, with a decrease in BF 308 
(p=0.003, ηp

2=0.30, power=0.91) and ST (p＜0.001, ηp
2=0.43, power >0.99) amplitude. Post-309 

hoc testing revealed significant differences between the first and fifth and sixth blocks for the 310 
BF and between the first and fifth to eighth blocks for the ST. Conversely, there was no 311 
significant effect of the block factor in the normalized RMS of the knee extensors (p=0.144 to 312 
0.584). There were also no significant block ✕ session interactions for the flexor (p=0.392 to 313 
0.757) and extensor (p=0.298 to 0.766) muscles (Figure 4).  314 

Table 4. EMG variables test-retest ICC and SEM 315 

EMG variable Parameter Test-retest ICC (95% CI) Test-retest SEM

VL Pre-post 0.722 (0.583 - 1) 29.5%

Slope 0.623 (0.531 - 1) 0.083

RF Pre-post 0.784 (0.686 - 1) 26.2%

Slope 0.787 (0.675 - 1) 0.034

VM Pre-post 0.767 (0.664 - 1) 25.5%

Slope 0.728 (0.614 - 1) 0.044

BF Pre-post 0.790 (0.680 - 1) 15.1%

Slope 0.792 (0.685 - 1) 0.025

ST Pre-post 0.727 (0.623 - 1) 11.4%

Slope 0.656 (0.573 - 1) 0.020

CCIlat Pre-post 0.653 (0.551 - 1) 31.5%

Slope 0.728 (0.583 - 1) 0.799

CCImed Pre-post 0.693 (0.576 - 1) 34.1%

Slope 0.715 (0.596 - 1) 1.056

ICC, intraclass correlation coefficient; CI, confidence interval; SEM, standard error of 316 
measurement 317 

 318 



As for the cocontraction indices, CCIlat showed a significant effect of the block factor 319 
(p=0.001, ηp

2=0.375, power=0.97). Post-hoc testing revealed that there was a significant 320 
increase from the second to the fourth to eighth blocks. On the contrary, despite the positive 321 
slope, CCImed showed no significant changes during the task (p=0.092). There were also no 322 
significant block ✕ session interactions (p=0.550 to 0.799) (Figure 4). The EMG and CCI 323 
nonparametric concordance coefficients ranged from 0.65 to 0.79 for the percentage of 324 
change from the first to the last block and from 0.62 to 0.80 (both moderate to good) for the 325 
slope of the changes over the eight blocks (Table 4). There were no significant between-326 
session differences in any of the EMG variables (p=0.29 to 0.894).  327 

 328 

Corticomuscular coherence 329 

There was a significant effect of the block factor for the area of significant CMC, with a 330 
decrease in all muscles (VL: p=0.002, ηp

2=0.324, power=0.94; RF: p=0.003, ηp
2=0.268, 331 

power=0.93; VM: p＜0.001, ηp
2=0.302, power=0.98; BF: p＜0.001, ηp

2=0.392, power=0.99; 332 

ST: p＜0.001, ηp
2=0.374, power=0.98). The results of post-hoc testing can be seen in figure 333 

5; these differences tended to show lower CMC in the second half of the task. There was 334 
also a significant effect of the session factor for all muscles, with higher values in session 2 335 
(VL: p=0.001, ηp

2=0.624, power=0.97; RF: p＜0.001, ηp
2=0.715, power >0.99; VM: p＜0.001, 336 

ηp
2=0.674, power=0.99; BF: p＜0.001, ηp

2=0.392, power=0.99; ST: p＜0.001, ηp
2=0.374, 337 

power=0.98). There were no significant block ✕ session interactions for any EEG-EMG pair 338 
(p=0.285 to 0.813). Regarding the test-retest analysis, the significant coherence area 339 
nonparametric concordance coefficients ranged from 0.683 to 0.790 for the pre-post 340 
differences and from 0.667 to 0.814 (both moderate to good) for the slope of the change 341 
during the task (Table 5). 342 

Table 5. Corticomuscular coherence test-retest ICC and SEM 343 

Coherence pair Parameter Test-retest ICC (95% CI) Test-retest SEM 

C3-VL Pre-post 0.702 (0.577 - 1) 18.4%

Slope 0.667 (0.551 - 1) 1365

C3-RF Pre-post 0.728 (0.621 - 1) 23.4%

Slope 0.775 (0.659 - 1) 1120

C3-VM Pre-post 0.790 (0.683 - 1) 16.1%

Slope 0.814 (0.714 - 1) 966

C3-BF Pre-post 0.726 (0.626 - 1) 17.6%



Slope 0.743 (0.633 - 1) 1140

C3-ST Pre-post 0.771 (0.657 - 1) 12.6%

Slope 0.781 (0.657 - 1) 787

ICC, intraclass correlation coefficient; CI, confidence interval; SEM, standard error of 344 
measurement 345 

 346 

The first block images in the time-frequency CMC maps (Figure 6) show two zones with the 347 
highest absolute values, located around 3 and 6-8 Hz. While the 3-Hz CMC generally 348 
manifested from 4-6 s, the 6-8 Hz CMC was frequently present throughout the entire 8-s 349 
period. In line with the significant coherence analysis, a generalized decrease in absolute 350 
CMC can be observed from the first to the last block, especially in the frequency zones 351 
mentioned above. 352 

 353 

Discussion 354 

Knee movement rate significantly decreased until half of task duration followed by a plateau 355 
until the end. In association with this decrease, we found both central and peripheral 356 
electrophysiological changes. There were significant decreases in normalized EEG power, 357 
especially at the frontal electrodes, while the CMC analysis showed a decrease in brain-358 
muscle functional coupling during the task. EMG testing revealed a decrease in knee flexor 359 
normalized RMS and increased VL/BF co-contraction after the second block.  360 

The degree of knee motor slowing was similar to what we previously observed in a 361 
preliminary study (17). The loss of movement rate (-15.8% and -12.9% in the two sessions) 362 
is comparable, albeit slightly lower, than what has been observed in finger tapping tasks of 363 
10-30 s in total (18-27%)(2–4) and closer to similar periods of foot tapping (~15%)(1, 38), 364 
despite the difference in task parameters. Considering the longer duration of our task (8 365 
blocks of 10 s vs. a single 10-30 s period in the cited studies), a greater loss could be 366 
expected. However, unlike we hypothesized, the movement rate decreased only until the 367 
fourth block (i.e., 55 s). Nevertheless, the good to excellent movement rate ICCs and the 368 
standard errors of measurement indicate these measures’ between-session stability.  369 
Comparatively, finger motor slowing has been found to plateau only after about 120 s of 370 
continuous tapping, corresponding to a 40% decrease in movement rate (39). Knee motor 371 
slowing thus seems to show some similar and some different properties relatively to smaller 372 
joints. On one hand, the plateau in knee movement rate was reached at a lower percentage 373 
of decrease (13-16% and 25-40% for the knee and fingers, respectively). On the other hand, 374 
the trajectory of decrease shows similarities, with a steep decrease in the first stages of the 375 
task and a gradual smoothing until a plateau at around 50% of task duration (for comparison, 376 
please see (1, 39)). The larger segment inertia may play a role in these differences. While 377 
small joint all-out repetitive movement does not present a significant metabolic and 378 
homeostatic challenge, our task has greater muscle work and energy demands due to the 379 



larger mass being moved, which may have led to a plateau at a lower percentage of 380 
performance loss in order to ensure homeostatic regulation. Interestingly, the ATP-PCr 381 
system’s contribution during maximal exercise starts plateauing at about 50 seconds (40), 382 
which corresponds approximately to the point where the movement rate stabilized in our 383 
task. Therefore, energy availability and homeostatic regulation may have played a role in 384 
movement rate stabilization after the fourth block. 385 

EEG findings partly support this role of homeostatic regulation. After an initial increase, there 386 
was a decrease in EEG power which started even before the movement rate stabilized. 387 
Post-hoc testing showed that individual inter-block decreases were seen most commonly 388 
between an initial peak at the second or third block (i.e., with low fatigue but when 389 
movement rate was decreasing) and lower values within the second half of the task (i.e., 390 
with greater fatigue but stable movement rate). It has been reported that brain activity 391 
increases with fatigue or task demands (41–44); this increased central drive aims to 392 
compensate for the decreased peripheral ability to produce force. Our opposing findings may 393 
be due to inhibitory activity of group III/IV sensory afferents, whose involvement in both 394 
central and peripheral fatigue development has previously been reported (45, 46). These 395 
afferent signals modulate motoneuron output, leading to decreased muscle activation (45). 396 
Although speculative, this explanation is supported by our EEG and flexor EMG findings. 397 
Supraspinal performance modulation even before task failure or a performance plateau has 398 
also been seen in other tasks (42, 47).  399 

There was a similar EEG trajectory during the task across frequency bands and electrodes, 400 
characterized by an initial increase (up to block 2-3) followed by a decrease (until block 4-6),  401 
more notably at frontal than at central electrodes. Frontal electrodes cover areas such as the 402 
prefrontal and the anterior cingulate cortices, which play a role in movement planning and 403 
regulation (48, 49), while central electrodes cover the supplementary motor area and the 404 
motor cortex, which are involved in the temporal coding of movement parameters and in 405 
producing the descending motor command (50, 51). EEG data thus show that movement 406 
planning may have been more affected by our task than the production of the motor 407 
command. Additionally, the significant effect of the block factor in all frequency bands at 408 
frontal electrodes contributes to the growing evidence that the cortex plays a significant role 409 
in rhythmic movement control (41, 50, 52), in this case, performed at maximum speed.  410 

There were no significant changes in knee extensor EMG. Conversely, both the BF and ST 411 
normalized RMS significantly decreased continuously throughout the task despite the 412 
movement rate stabilization after the fourth block. These differences between flexors and 413 
extensors were probably due to the anti-gravity position of knee flexion in our task. Other 414 
studies of maximal lower limb intermittent effort have also found a continuous decrease in 415 
EMG amplitude throughout the task (53–56). The decrease in knee flexor EMG amplitude 416 
may be caused by selective fatigue of fast-twitch fibers, since these have been shown to be 417 
preferentially recruited during rapid contractions (57, 58). It makes sense that the number of 418 
motor units sufficiently fast to cope with the movement rate demands decreased 419 
continuously during the task, thus explaining the generally continuous decrease in 420 
normalized RMS in our study. Considering the changes in EEG power, impaired central 421 
recruitment could also be the cause of the flexor EMG amplitude decrease. However, if this 422 
was the case, there should not be a continuous decline in EMG amplitude, and it is also not 423 
in line with the plateau in movement rate.  424 



Previous studies have found an increase in muscle half relaxation time(3, 59), a loss of a 425 
clear agonist-antagonist EMG pattern after fatiguing finger tapping tasks(2), and a decrease 426 
in the agonist-antagonist activation delay in a cycling repeated sprinting task(60). In our 427 
study, the fact that CCIlat increased gradually from the second block despite the decrease in 428 
BF RMS further suggests a greater temporal agonist-antagonist overlap with increasing 429 
fatigue, as previously reported(2). This increased overlap may be due to the earlier 430 
fatigability of fast-twitch fibers, which would lead to prolonged muscle activation in order to 431 
maintain movement rate(57, 58). It is logical that this greater EMG overlap/co-contraction 432 
and lower availability of fast muscle fibers would lead to a decrease in movement rate; 433 
however, in that case, both CCIs should not have continued to increase during the second 434 
half of the task. Thus, it seems the continuously worsening EMG overlap with fatigue did not 435 
impair movement rate after a certain point. It is also noteworthy that the CCIs continued to 436 
increase despite the lack of changes in EEG power, indicating that this was not due to the 437 
strength of the central drive. It may therefore be more related to the quality of the motor 438 
command than to its intensity, which may be corroborated by the CMC findings discussed 439 
below.  440 

There was a decrease in the area of significant CMC in all muscles, reflecting a generalized 441 
loss of brain-muscle coupling, which in turn was associated with the decreased movement 442 
rate. It is interesting to note that despite the lack of significant changes in knee extensor 443 
normalized EMG amplitude, there was still a loss of knee extensor CMC, suggesting that 444 
decoupling may occur even in the absence of significant EMG amplitude changes. This may 445 
be a sign of a centrally driven generalized loss of coupling between brain and muscle activity 446 
during the task, perhaps due to the breakdown of central motor control mechanisms related 447 
to the change in movement direction caused by unsustainable task demands suggested by 448 
Rodrigues et al.(2). 449 

There were two frequency zones of higher CMC in the first block (around 3 and 6-8 Hz). 450 
These two zones may represent the movement rate (fundamental frequency, F0) and its first 451 
harmonic (F1) frequency. Previous studies of both hand and feet rhythmic movements also 452 
found stronger coherence at these two frequencies (50, 61). Our task caused a greater 453 
decrease in F0 than in F1. It is worth noting that these two frequencies are generated by 454 
different cortical regions; while F0 is associated with sensorimotor movement kinematics 455 
encoding, F1 has been found to be more prominent in the prefrontal cortex, which is 456 
responsible for movement planning, timing, and self-initiation (50, 62). We found greater 457 
decreases in the F0 range, suggesting an impairment in movement kinematics encoding, 458 
which is consistent with the breakdown of the motor command mentioned as a cause of 459 
motor slowing mentioned previously (2). Thus, isolated EEG changes suggest that 460 
movement planning areas are more affected by the task, but CMC losses seem to be more 461 
related to the motor command.  462 

Whether maximal exercise performance is regulated to limit the development of catastrophic 463 
fatigue remains controversial (63, 64). Here, a plateau of performance was reached at about 464 
50% of task duration. Early performance decreases followed by a plateau until task 465 
completion have been seen in distinct maximal effort upper and lower limb joint tasks (39, 466 
42, 53, 54, 56, 63), suggesting the presence of some common regulation mechanism. 467 
Nevertheless, the percentage of decrease in performance at which this plateau is reached is 468 
task-dependent (1, 39, 63). Our findings suggest that performance was regulated in the 469 



absence of catastrophic failure but not exclusively due to peripheral feedback; rather, it 470 
seems that multiple systems may have influenced the central motor command and limit 471 
further decreases in exercise performance. The level of task performance decrease before 472 
this plateau is reached may therefore be both task- and system- (i.e., locomotor, 473 
cardiometabolic) specific. Naturally, this requires further confirmation. 474 

 475 

Limitations 476 

Despite our attempts to monitor processes from the brain to the motor output, some 477 
limitations remain. We did not obtain EMG data from both limbs or from other muscles which 478 
may have played a role in our task (e.g., gastrocnemius). However, since our participants 479 
were healthy and the task was bilaterally symmetrical, we did not anticipate significant 480 
between-limb differences. We also did not measure fatigue perception, which limits our 481 
discussion of task demands. Moreover, the highly dynamic nature of our task means that 482 
despite our best efforts to clean the EEG signal, some degree of noise can still be expected, 483 
considering the difficult balance between signal cleaning and loss of physiological 484 
information. Our findings may also not be generalizable to female participants or other age 485 
groups. Finally, although all individuals had at least a week between sessions, the length of 486 
this interval was not uniform. 487 

 488 

Conclusions 489 

The designed task was able to induce significant knee motor slowing, but this decrease in 490 
movement rate stopped halfway through the task. Electrophysiological data suggest that 491 
both central and peripheral processes were involved in this slowing. Most notably, we found 492 
a decrease in EEG power after an initial peak, followed by a subsequent stabilization, while 493 
there was a continuous decrease in flexor EMG activity and increase in co-contraction. CMC 494 
decreased during the task, suggesting an impairment of EEG-EMG functional coupling with 495 
fatigue. However, no single analysis showed an isolated direct relation with task 496 
performance, suggesting that the interaction of changes at various levels was involved in 497 
performance regulation. 498 
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 692 
Figure legends 693 
 694 

Fig. 1. Depiction of the experimental setup along with raw data from each analysis. VL, 695 
vastus lateralis; RF, rectus femoris; VM, vastus medialis; BF, biceps femoris; ST, 696 
semitendinosus. 697 

Fig. 2. Decreases in movement rate during the task. The shaded areas represent the 95% 698 
confidence interval for the first (blue) and second (orange) sessions. *significantly different 699 
from the first block (p＜0.05). **significantly different from the first three blocks (p＜0.05). 700 
These significant differences were seen in the 2×8 repeated measures ANOVA post-hoc 701 
multiple comparisons.  702 

Fig. 3. Changes in normalized EEG power during the task. Most electrodes with significant 703 
differences show an increase until block 2-3, followed by a decrease until block 4-6. The 704 
shaded areas represent the 95% confidence interval for the first (blue) and second (orange) 705 
sessions. *significant difference from the first block (p＜0.05); **significant difference from 706 

the second block (p＜0.05): ***significant difference from the third block (p＜0.05). These 707 
significant differences were seen in the 2×8 repeated measures ANOVA post-hoc multiple 708 
comparisons. 709 

Fig. 4. Normalized root mean square (RMS) and co-contraction indices during the task, 710 
showing a significant decrease in flexor amplitude and increase in co-contraction. The 711 
shaded areas represent the 95% confidence interval for the first (blue) and second (orange) 712 
sessions. VL, vastus lateralis; RF, rectus femoris; VM, vastus medialis; BF, biceps femoris; 713 
ST, semitendinosus; CCIlat, lateral co-contraction index; CCImed, medial co-contraction index  714 



*significantly different from the first block (p＜0.05); **significantly different from the second 715 

block (p＜0.05). These significant differences were seen in the 2×8 repeated measures 716 
ANOVA post-hoc multiple comparisons. 717 

Fig. 5. Decreases in the area of significant coherence during the task. The shaded areas 718 
represent the 95% confidence interval for the first (blue) and second (orange) sessions. AU, 719 
arbitrary units;  VL, vastus lateralis; RF, rectus femoris; VM, vastus medialis; BF, biceps 720 
femoris; ST, semitendinosus. *significantly different from the first block (p＜0.05);  721 

**significantly different from the second block (p＜0.05). These significant differences were 722 
seen in the 2×8 repeated measures ANOVA post-hoc multiple comparisons.  #, significant 723 
difference between sessions (p＜0.05, 2×8 repeated measures ANOVA) 724 

Fig. 6. Time-frequency maps of corticomuscular coherence in the first and last blocks 725 
between the C3 EEG electrode and each muscle. VL, vastus lateralis; RF, rectus femoris; 726 
VM, vastus medialis; BF, biceps femoris; ST, semitendinosus. The color bar represents the 727 
range of coherence values. 728 

 729 

 730 

Supplementary materials 731 
 732 
Supplementary file S1. Matlab code files used for data processing 733 

 734 















Table 1. Movement rate test-retest ICC and SEM 

Block Test-retest ICC (95% CI) Test-retest SEM (Hz) 

1 0.852 (0.559 - 0.95) 0.20

2 0.805 (0.385 - 0.934) 0.16

3 0.891 (0.675 - 0.963) 0.15

4 0.740 (0.291 - 0.908) 0.23

5 0.888 (0.670 - 0.962) 0.14

6 0.915 (0.760 - 0.970) 0.14

7 0.912 (0.754 - 0.969) 0.13

8 0.858 (0.607 - 0.950) 0.16

ICC, intraclass correlation coefficient; CI, confidence interval; SEM, standard error of 
measurement 



Table 2. Relative EEG power test-retest ICC and SEM 

EEG channel Frequency band Parameter Test-retest ICC (95% CI) Test-retest SEM

F4 Theta Pre-post 0.768 (0.626 - 1) 144.3% 

Slope 0.658 (0.547 - 1) 0.037 

Alpha Pre-post 0.708 (0.597 - 1) 48.2% 

Slope 0.667 (0.573 - 1) 0.011 

Beta Pre-post 0.623 (0.532 - 1) 43.4% 

Slope 0.756 (0.642 - 1) 0.016 

Gamma Pre-post 0.689 (0.568 - 1) 82.2% 

Slope 0.652 (0.562 - 1) 0.008 

F3 Theta Pre-post 0.795 (0.674 - 1) 81.1% 

Slope 0.824 (0.716 - 1) 0.020 

Alpha Pre-post 0.616 (0.515 - 1) 51.8% 

Slope 0.684 (0.579 - 1) 0.010 

Beta Pre-post 0.669 (0.562 - 1) 46.0% 

Slope 0.740 (0.641 - 1) 0.010 

Gamma Pre-post 0.722 (0.604 - 1) 88.3% 

Slope 0.694 (0.591 - 1) 0.010 

C4 Theta Pre-post 0.746 (0.631 - 1) 65.9% 

Slope 0.732 (0.616 - 1) 0.025 

Alpha Pre-post 0.666 (0.554 - 1) 29.7% 

Slope 0.659 (0.582 - 1) 0.009 



Beta Pre-post 0.680 (0.569 - 1) 44.9% 

Slope 0.738 (0.615 - 1) 0.013 

Gamma Pre-post 0.683 (0.574 - 1) 127.7% 

Slope 0.675 (0.573 - 1) 0.015 

C3 Theta Pre-post 0.762 (0.648 - 1) 73.5% 

Slope 0.698 (0.576 - 1) 0.029 

Alpha Pre-post 0.720 (0.601 - 1) 39.6% 

Slope 0.653 (0.571 - 1) 0.010 

Beta Pre-post 0.744 (0.623 - 1) 81.7% 

Slope 0.762 (0.642 - 1) 0.014 

Gamma Pre-post 0.723 (0.598 - 1) 155.1% 

Slope 0.678 (0.555 - 1) 0.009 

ICC, intraclass correlation coefficient; CI, confidence interval; SEM, standard error of 
measurement 



Table 3. Normalized EEG power test-retest ICC and SEM 

EEG channel Frequency band Parameter Test-retest ICC (95% CI) Test-retest SEM

F4 Theta Pre-post 0.642 (0.523 - 1) 60.3% 

Slope 0.712 (0.608 - 1) 0.126 

Alpha Pre-post 0.724 (0.596 - 1) 49.8% 

Slope 0.738 (0.628 - 1) 0.083 

Beta Pre-post 0.688 (0.594 - 1) 41.5% 

Slope 0.752 (0.626 - 1) 0.054 

Gamma Pre-post 0.759 (0.648 - 1) 50.7% 

Slope 0.677 (0.568 - 1) 0.110 

F3 Theta Pre-post 0.629 (0.515 - 1) 86.1% 

Slope 0.718 (0.603 - 1) 0.134 

Alpha Pre-post 0.723 (0.593 - 1) 52.1% 

Slope 0.706 (0.592 - 1) 0.078 

Beta Pre-post 0.761 (0.658 - 1) 25.1% 

Slope 0.797 (0.686 - 1) 0.054 

Gamma Pre-post 0.803 (0.671 - 1) 34.3% 

Slope 0.631 (0.529 - 1) 0.122 

C4 Theta Pre-post 0.729 (0.604 - 1) 49.5% 

Slope 0.655 (0.559 - 1) 0.138 

Alpha Pre-post 0.747 (0.621 - 1) 46.9% 

Slope 0.710 (0.595 - 1) 0.104 



Beta Pre-post 0.722 (0.605 - 1) 73.7% 

Slope 0.735 (0.606 - 1) 0.071 

Gamma Pre-post 0.773 (0.634 - 1) 58.7% 

Slope 0.760 (0.634 - 1) 0.110 

C3 Theta Pre-post 0.878 (0.783 - 1) 49.8% 

Slope 0.771 (0.655 - 1) 0.010 

Alpha Pre-post 0.682 (0.553 - 1) 47.7% 

Slope 0.619 (0.507 - 1) 0.078 

Beta Pre-post 0.678 (0.565 - 1) 37.7% 

Slope 0.701 (0.583 - 1) 0.078 

Gamma Pre-post 0.740 (0.618 - 1) 47.0% 

Slope 0.692 (0.567 - 1) 0.078 

ICC, intraclass correlation coefficient; CI, confidence interval; SEM, standard error of 
measurement 



Table 4. EMG variables test-retest ICC and SEM 

EMG variable Parameter Test-retest ICC (95% CI) Test-retest SEM

VL Pre-post 0.722 (0.583 - 1) 29.5%

Slope 0.623 (0.531 - 1) 0.083

RF Pre-post 0.784 (0.686 - 1) 26.2%

Slope 0.787 (0.675 - 1) 0.034

VM Pre-post 0.767 (0.664 - 1) 25.5%

Slope 0.728 (0.614 - 1) 0.044

BF Pre-post 0.790 (0.680 - 1) 15.1%

Slope 0.792 (0.685 - 1) 0.025

ST Pre-post 0.727 (0.623 - 1) 11.4%

Slope 0.656 (0.573 - 1) 0.020

CCIlat Pre-post 0.653 (0.551 - 1) 31.5%

Slope 0.728 (0.583 - 1) 0.799

CCImed Pre-post 0.693 (0.576 - 1) 34.1%

Slope 0.715 (0.596 - 1) 1.056

ICC, intraclass correlation coefficient; CI, confidence interval; SEM, standard error of 
measurement 



Table 5. Corticomuscular coherence test-retest ICC and SEM 

Coherence pair Parameter Test-retest ICC (95% CI) Test-retest SEM 

C3-VL Pre-post 0.702 (0.577 - 1) 18.4%

Slope 0.667 (0.551 - 1) 1365

C3-RF Pre-post 0.728 (0.621 - 1) 23.4%

Slope 0.775 (0.659 - 1) 1120

C3-VM Pre-post 0.790 (0.683 - 1) 16.1%

Slope 0.814 (0.714 - 1) 966

C3-BF Pre-post 0.726 (0.626 - 1) 17.6%

Slope 0.743 (0.633 - 1) 1140

C3-ST Pre-post 0.771 (0.657 - 1) 12.6%

Slope 0.781 (0.657 - 1) 787

ICC, intraclass correlation coefficient; CI, confidence interval; SEM, standard error of 
measurement 



Brain and muscle activity during fatiguing 

maximum-speed knee movement 

OUTCOMES 
(maximum-minimum within-task difference) 

METHODS 

Task 
 

CONCLUSION  Both central and peripheral changes were seen in association 

with knee motor slowing. However, no single measure seemed to determine task 

performance, suggesting that the interaction of changes at various levels was involved 

in performance regulation and fatigue.  

Measurements 
 

Movement 

rate 

EEG power (4 

frontal and 

central 

electrodes) 

EMG 

amplitude 

(knee flexors/ 

extensors) 

 Bilateral 

alternating 45-

90° knee flexion 

 8 x 10 s 

 5 s rest 

 Maximum speed 

Corticomuscular coherence 

16% 
15 to 

278% 

There was a significant decrease in knee movement rate, which was accompanied by a 

general decrease in EEG power (more notably at frontal electrodes), a decrease in 

normalized flexor EMG amplitude, an increase in flexor/extensor co-contraction, and a 

decrease in brain-muscle functional coupling. 

Flexors 

Extensors 

8 to 

16% 

-10 to 

+10% 

Co-contraction 
10 to 

12% 

14 to 

44% 
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