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ABSTRACT 
 

Neltner TJ, Housh TJ, Smith CM, Anders JP, Keller JL, Hill EC, 
Schmidt RJ, Johnson GO. Similar Fatigue-Induced Changes in 
Neuromuscular Patterns of Responses for Contralateral Legs 
during Maximal Bilateral Leg Extensions. JEPonline 2020;23(2):1-
17. The purpose of the present study was to compare individual and 
composite neuromuscular patterns of responses between the 
contralateral legs during maximal, fatiguing, bilateral, isokinetic leg 

extensions. Fourteen men (22.6  4 yrs) performed repeated 

bilateral, isokinetic leg extensions at 180·s-1 until their peak torque 

was reduced by 70% (67  19 repetitions). The amplitude (AMP) 
and frequency (mean power frequency = MPF) contents of the 
electromyographic (EMG) and mechanomyographic (MMG) signals 
from the vastus lateralis (VL) muscles of both legs were recorded 
simultaneously during each repetition of the fatiguing bout. The 
EMG AMP, EMG MPF, MMG AMP, MMG MPF, and torque values 
were normalized to the values corresponding to 10% of the total 
number of repetitions completed and statistically compared at 5% 
intervals. Four, 2 (right and left VL) x 19 (10-100% of the total 
repetitions) repeated measures ANOVAs were used to determine 
mean differences for each neuromuscular parameter. Two, 1 x 19 
repeated measures ANOVAs were used to analyze torque and 
average power changes across repetitions. The results indicated no 
significant interactions involving the right and left VL for any of the 
neuromuscular parameters. However, there was a significant main 
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effect for repetitions, collapsed across the muscles, where EMG MPF decreased (P<0.001; η2
p = 

0.376). Bilateral peak torque (271.1 ± 44.6 N·m, P<0.001; η2
p = 0.695) and average power (350.2 

 78.6 W, P<0.001; η2
p = 0.734) decreased significantly from 40-100%, and 70-100% of the total 

repetitions, respectively. The results of this study revealed no differences between the right and 
left VL muscles for the patterns of neuromuscular responses during the fatiguing bilateral leg 
extensions. The decreases across repetitions for EMG MPF without changes in EMG AMP, 
MMG AMP, or MMG MPF suggested that the modulation of torque during a fatiguing task may 
be different for bilateral versus unilateral muscle actions. 

 
Key Words: Electromyographic (EMG), Isokinetic, Maximal,  Mechanomyographic (MMG) 
 
 
Introduction 
 
Simultaneous measurements of electromyographic (EMG) and mechanomyographic (MMG) 
signals have been used to make inferences regarding changes in motor unit activation 
strategies during fatiguing tasks (24,42). Farina et al. (20) suggested that the EMG signal 
reflects properties of both the central and peripheral nervous systems and can be used as a 
global indicator of muscle activity. The amplitude (AMP) of the EMG signal reflects muscle 
excitation and is influenced by motor unit recruitment, firing rate, and synchronization (4,39). 
The mean power frequency (MPF) of the EMG signal is affected by the muscle fiber action 
potential conduction velocity (4,39). The MMG signal is considered the mechanical counterpart 
of the EMG signal and is generated by the lateral oscillations of activated muscle fibers (32). 
Under some conditions, the amplitude of the MMG signal reflects motor unit recruitment, but it is 
also affected by intra-muscular pressure and muscle stiffness (32). The frequency of the MMG 
signal qualitatively reflects the global firing rate of the activated motor units (4,33). Thus, when 
assessed simultaneously, the time and frequency domain parameters of EMG and MMG signals 
can provide information concerning the magnitude and time course of fatigue-induced changes 
in neuromuscular responses. 
 
Typically, during a maximal, fatiguing, isokinetic workbout, there is an increase in muscle 
excitation (EMG AMP), as well as decreases in muscle fiber action potential conduction velocity 
(EMG MPF) and the global motor unit firing rate (MMG MPF) (5,24,41). The fatigue-induced 
changes in the patterns of neuromuscular responses, however, are often specific to the mode of 
the muscle actions (11,23,39). For example, Smith et al. (40) reported that during maximal, 

concentric, isokinetic leg extensions at 120s-1, the vastus lateralis (VL) exhibited increases in 
EMG AMP and MMG AMP, along with a decrease in EMG MPF and no change in MMG MPF. 
Hill et al. (23), however, reported an increase in EMG AMP, a decrease in MMG MPF, and no 
changes in EMG MPF or MMG AMP during maximal, eccentric, isokinetic leg extensions at 

speeds of 60, 120, and 180s-1. Camic et al. (11) reported decreases in EMG AMP, EMG MPF, 
and MMG MPF, but no change in EMG MPF during repeated bouts of maximal, isometric leg 
extensions. Thus, the patterns of responses for each neuromuscular parameter may vary 
depending on the mode of exercise.  
 
Previous studies (11,23,40) that have examined fatigue-induced neuromuscular responses have 
typically utilized unilateral muscle actions. Few studies (3,29,36), however, have examined the 
differences in neuromuscular responses between homologous muscles of contralateral limbs 
during fatiguing, bilateral muscle actions. Matkowski et al. (29) reported no differences between 
legs for fatigue-induced increases in EMG AMP from the rectus femoris or VL muscles during 
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sustained, submaximal, isometric contractions at 20% MVIC (maximum voluntary isometric 
contraction) held to task failure. Furthermore, Oda and Moritani (31) reported no differences for 
EMG AMP or EMG MPF responses from the contralateral biceps brachii muscles following 
maximal, bilateral, isometric forearm flexion muscle actions held for 64 sec. In addition, Anders 
et al. (3) reported no differences between legs for the patterns of EMG or MMG responses, 
during maximal, fatiguing, bilateral, isokinetic leg extensions. There were, however, inter- and 
intra-individual differences between the composite (averaged across subjects) and individual 
neuromuscular responses (3).  
 
Therefore, the purpose of the present study was to compare individual and composite EMG 
AMP, EMG MPF, MMG AMP, and MMG MPF patterns of responses between contralateral legs 
during maximal, fatiguing, bilateral, isokinetic leg extensions. Based on previous studies 
(3,29,36), it was hypothesized that: (a) There would be no differences for any of the fatigue-
induced neuromuscular responses between homologous muscles of contralateral legs; (b) there 
would be differences between individuals for the fatigue-induced neuromuscular patterns of 
responses; and (c) there would be differences between the individual and composite fatigue-
induced patterns of neuromuscular responses. 
 
Materials and Methods 

Subjects 

Fourteen untrained to recreationally trained men (mean  SD age = 22.4  3.7 yrs; body mass = 

76  5.4 kg; height = 178.2  6.7 cm) volunteered to participate in this study. The recreationally 
trained subjects participated in resistance and/or aerobic training at least 3 d∙wk-1 (38). The 
subjects in the present study were part of a larger multiple independent and dependent variable 
investigation. Six of the 14 subjects overlapped with the sample from Anders et al. (3), but none 
of the torque, average power, or neuromuscular responses have been published previously. All 
subjects were free of previous knee or ankle pathologies that would potentially affect their 
performance. The study was approved by the University Institutional Review Board for Human 
Sciences, and all subjects signed a written Informed Consent document and completed a Health 
History Questionnaire prior to participation in the study. 
 
Protocol 
The subjects underwent an orientation session where they were familiarized with the equipment 
and testing protocol. During the orientation, the subjects performed submaximal and maximal, 

bilateral, isometric and isokinetic leg extensions at 180s-1. During the testing visits, the 

subjects warmed up by performing 5 submaximal isokinetic leg extensions at 180s-1 on a 
calibrated Cybex II dynamometer (Cybex, Division of Lumex, Inc., Ronkonkoma, NY, USA). 
Subjects subsequently performed consecutive maximal, bilateral isokinetic leg extensions at 

180s-1 until the torque values dropped to 30% of peak torque for two consecutive repetitions. 
 
Electromyographic, Mechanomyographic, and Force Signal Acquisition  
Bipolar (30-mm center-to-center) surface EMG electrodes (pregelled Ag/AgCl, AccuSensor; 
Lynn Medical, Wixom, MI) were positioned on the VL muscles of both thighs during testing. 
Electrode placement was determined according to the Surface Electromyography for the Non-
Invasive Assessment of Muscles project (SENIAM) recommendations (22). Prior to electrode 
placement, the skin was shaved, carefully abraded, and cleaned with alcohol. The electrodes 
were placed at 66% of the distance between the anterior superior iliac spine and the lateral 

border of the patella and were oriented at a 20 angle to align with the VL muscle fibers’ angle of 
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pennation (1). Using double-sided adhesive tape, miniature accelerometers (Entras EGAS FT 
10, bandwidth 0–200 Hz, dimensions 1.0 × 1.0 × 0.5 cm, mass 1.0 g, sensitivity 668.1 mV·g−1 
for the right VL, 655.1 mV·g−1 for the left VL) were placed between the bipolar EMG electrodes 
of both VL muscles to detect the MMG signal.  
 
The raw EMG and MMG signals were digitized at 2000 Hz with a 12-bit analog-to-digital 
converter (Model MP150; Biopac Systems, Inc.) and stored on a personal computer (MacBook 
Pro Apple Inc., Cupertino, CA, USA) for analyses. The EMG signals were amplified (gain: 
×1000) using differential amplifiers (EMG2-R BioNomadix, Biopac Systems, Inc. Goleta, CA, 
USA; bandwidth—10–500 Hz). The EMG and MMG signals were digitally bandpass filtered 
(fourth-order Butterworth) at 10–500 Hz and 5–100 Hz, respectively. Signal processing was 
performed using custom programs written with LabVIEW programming software (version 18.0f2, 
National Instruments, Austin, TX, USA). To avoid the acceleration and deceleration phases of 
the isokinetic leg extensions, the EMG (μV root mean square, μVrms) and MMG (m·s−2) AMP 
and MPF (Hz) values for each leg extension muscle action were calculated for a period of time 

that corresponded to the middle 30 range of motion from approximately 120 to 150 of leg 
extension (9). This resulted in a signal epoch of 0.17 s-1 used to calculate the AMP and MPF 
values of the EMG and MMG signals. Values corresponding to 10% of the total number of 
repetitions completed were used to normalize the EMG and MMG parameters as well as torque 
and average power for each repetition during the bilateral leg extensions. The neuromuscular 
parameters, torque, and average power were normalized to the value at 10% to ensure all 
subjects had performed at least 5 repetitions, as suggested by Brown (8). Some subjects 
required multiple repetitions to reach maximal values for some parameters. Thereafter, the 
repetitions were normalized at each 5% interval from 10% to 100% of the total number of 
repetitions completed. 

 

Statistical Analysis 

Four, 2 (right and left VL) x 19 (10-100% of the total number of repetitions completed) repeated 
measures ANOVAs were used to determine mean differences for EMG AMP, EMG MPF, MMG 
AMP, MMG MPF. Separate 1 x 19 repeated measures ANOVAs were used to analyze torque 
and average power changes across repetitions. Post-hoc Student-Newman-Keuls tests were 
used to identify when the neuromuscular, torque and average power values changed from the 
values at 10% of the total number of repetitions completed. 
 
Polynomial regression analyses (linear and quadratic) were used to define the individual and 
composite normalized EMG AMP, EMG MPF, MMG AMP, MMG MPF, torque, and average 
power values versus total number of repetitions completed relationships for both legs during the 
fatiguing protocol. All statistical analyses were performed using IBM SPSS v. 25 (Armonk, NY, 
USA). An alpha of P<0.05 was considered statistically significant for all comparisons.  

RESULTS 

Torque Response  

The subjects performed a mean ( SD) of 67  19 leg extension repetitions with an initial peak 

torque of 271.1  44.6 Nm. The 1 x 19 repeated measures ANOVA indicated a significant effect 

for repetitions (P<0.001; η2
p = 0.695), and the post-hoc analyses demonstrated that torque was 

significantly less for all values from 70-100% of the total number of repetitions completed 
compared to the value at 10% (Figure 1). Polynomial regression analyses for the individual and 
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composite data indicated significant, negative, linear relationships (r = -0.472 to -0.968) for 12 of 
the 14 subjects; negative, quadratic relationships (R = -0.876 to -0.936) for 2 subjects; and a 
linear, negative relationship (r = -0.984) for the composite data versus total number of 
repetitions completed (Table 1).  

 

Figure 1. Time Course of Changes for the Composite Data for Torque and Average Power during 
Maximal, Bilateral Leg Extensions. “% Initial” refers to the value corresponding to the repetition at 10% 
of the total number of repetitions completed. *Indicates there were significant (P<0.05) negative, linear 
relationships between normalized torque (r = -0.98) and average power (r = -0.95) versus the total 
number of repetitions completed. †Indicates significantly (P<0.001) lower torque and average power 
values from the initial 10% of total number of repetitions completed. 

 
Average Power Response 

The mean  SD for average power was 350.2  78.6 W. The 1 x 19 repeated measures ANOVA 

indicated a significant effect for repetitions (P<0.001; η2
p = 0.734), and the post-hoc analyses 

indicated that average power was significantly less for all values from 70-100% of the total 
number of repetitions completed compared to the value at 10% (Figure 1). Polynomial 
regression analyses for the individual and composite data indicated significant, negative, linear 
relationships (r = -0.849 to -0.976) for 9 of the 14 subjects; negative, quadratic relationships (R = 
-0.739 to -0.946) for 5 subjects; and a negative, linear relationship (r = -0.949) for the composite 
data versus total number of repetitions completed (Table 1). 
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Table 1. Polynomial Regression Models, Correlations, and P-Values for Normalized 
Torque and Average Power versus Total Number of Repetitions Completed during 
Maximal Bilateral Leg Extensions. 

       

Subjects  Torque   

Average 
Power  

 Model Correlation P-Value Model Correlation P-Value 

       
1 Linear -0.834 <0.001 Linear -0.870 <0.001 

2 Linear -0.878 <0.001 Quadratic -0.928   0.012 

3 Linear -0.922 <0.001 Quadratic -0.946 <0.001 

4 Linear -0.665   0.002 Linear -0.861 <0.001 

5 Quadratic -0.936   0.044 Linear -0.910 <0.001 

6 Linear -0.850 <0.001 Linear -0.853 <0.001 

7 Linear -0.472   0.041 Linear -0.911 <0.001 

8 Linear -0.941 <0.001 Quadratic -0.874   0.006 

9 Linear -0.956 <0.001 Linear -0.976 <0.001 

10 Linear -0.968 <0.001 Linear -0.910 <0.001 

11 Linear -0.855 <0.001 Linear -0.946 <0.001 

12 Linear -0.709   0.001 Quadratic -0.739   0.019 

13 Linear -0.874 <0.001 Linear -0.849 <0.001 

14 Quadratic -0.876   0.023 Quadratic -0.827   0.042 

Composite Linear -0.984 <0.001 Linear -0.949 <0.001 

 

EMG Responses 
The 2 (Legs: Right and left) x 19 (Repetitions: 10-100% of the total number of repetitions 
completed at 5% intervals) repeated measures ANOVA for EMG AMP indicated no significant 

interaction (P = 0.350; η2
p = 0.080) or main effects for legs (P = 0.386; η2

p = 0.058) or repetitions 

(P = 0.554; η2
p = 0.058) (Figure 2). For EMG MPF, there was no significant interaction (P = 

0.151, η2
p = 0.111) or main effect for legs (P = 0.193; η2

p = 0.127), however, there was a main 

effect for repetitions (P<0.001; η2
p = 0.376). A follow-up 1 x 19 ANOVA (collapsed across legs) 

revealed a significant effect for repetitions (P<0.001; η2
p = 0.376), and the post-hoc analyses 

indicated that EMG MPF was significantly lower at 55-70% and 80-100% of the total number of 
repetitions completed compared to the value at 10%. 
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Figure 2. Time Course of Changes for EMG Amplitude (AMP) and EMG Mean Power Frequency 
(MPF) during Maximal Bilateral Leg Extensions for Both Legs (R = right and L = left). “% Initial” 
refers to the value corresponding to the repetition at 10% of the total number of repetitions completed. 
*Indicates there were significant (P<0.05) relationships between normalized right leg EMG AMP, right leg 
EMG MPF, and left leg EMG MPF versus the total number of repetitions completed. † Indicates 
significantly (P<0.05) lower EMG MPF collapsed across legs than the value at 10% of total number of 
repetitions completed. 

 

Polynomial regression analyses for the individual and composite EMG AMP versus total number 
of repetitions completed relationships (Table 2) for the right leg exhibited positive, linear 
relationships (r = 0.469 to 0.854) for 3 of the 14 subjects; a positive, quadratic relationship (R = 
0.845) for 1 subject; a negative, linear relationship (r = -0.668) for 1 subject; no significant 
relationships for 9 subjects; and a positive, linear relationship (r = 0.607) for the composite 
model. For the left leg, 4 of the 14 subjects exhibited positive, linear relationships (r = 0.468 to 
0.678); 1 subject exhibited a negative, linear relationship (r = -0.689); 1 subject exhibited a 
negative, quadratic relationship (R = -0.726); 8 subjects exhibited no significant relationships; 
and there was no significant relationship for the composite model. 
 
Polynomial regression analyses for the individual and composite EMG MPF versus total number 
of repetitions completed relationships (Table 3) for the right leg exhibited negative, linear 
relationships (r = -0.498 to -0.915) for 9 of the 14 subjects; no significant relationships for 5 
subjects; and a negative, quadratic relationship (R = -0.932) for the composite model. For the 
left leg, 6 subjects exhibited negative, linear relationships (r = -0.568 to -0.731); 3 subjects 
exhibited negative, quadratic relationships (R = -0.782 to -0.843); 5 subjects exhibited no 
significant relationships; and there was a negative, quadratic relationship (R = -0.866) for the 
composite model. 
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Table 2. Polynomial Regression Models, Correlations, and P-Values for Normalized EMG 
Amplitude (AMP) versus Total Number of Repetitions Completed for Both Legs during 
Maximal Bilateral Leg Extensions. 

Subjects  Right EMG AMP   Left EMG AMP  

 Model Correlation P-Value Model Correlation P-Value 

1 Linear 0.469 0.043 - - N.S. 

2 - - N.S. - - N.S. 

3 Quadratic 0.845 0.017 Linear 0.492 0.032 

4 - - N.S. - - N.S. 

5 - - N.S. - - N.S. 

6 Linear -0.668 0.002 Quadratic -0.726 0.048 

7 Linear 0.854 <0.001 Linear 0.678 0.001 

8 - - N.S. - - N.S. 

9 - - N.S. - - N.S. 

10 Linear 0.465 0.045 Linear 0.483 0.036 

11 - - N.S. Linear -0.689 0.001 

12 - - N.S. - - N.S. 

13 - - N.S. Linear 0.468 0.043 

14 - - N.S. - - N.S. 

Composite Linear 0.607 0.006 - - N.S. 

 
Table 3. Polynomial Regression Models, Correlations, and P-Values for Normalized EMG 
Mean Power Frequency (MPF) versus Total Number of Repetitions Completed for Both 
Legs during Maximal, Bilateral Leg Extensions. 

Subjects  Right EMG MPF   Left EMG MPF  

 Model Correlation P-Value Model Correlation P-Value 

1 Linear -0.695 0.001 Linear -0.568 0.011 

2 Linear -0.498 0.030 Quadratic -0.843 0.002 

3 Linear -0.915 <0.001 Linear -0.731 <0.001 

4 Linear -0.773 <0.001 - - N.S. 

5 Linear -0.554 0.014 Linear -0.699 0.001 

6 Linear -0.681 0.001 - - N.S. 

7 Linear -0.675 0.002 Quadratic -0.822 0.003 

8 - - N.S. - - N.S. 

9 - - N.S. Quadratic -0.782 0.001 

10 - - N.S. Linear -0.664 0.002 

11 Linear -0.720 0.001 Linear -0.595 0.007 

12 - - N.S. - - N.S. 

13 Linear -0.593 0.007 Linear -0.619 0.005 

14 - - N.S. - - N.S. 

Composite Quadratic -0.932 0.018 Quadratic -0.866 0.037 
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MMG Responses 
The 2 (Legs: Right and left) x 19 (Repetitions: 10-100% of the total number of repetitions 
completed at 5% intervals) repeated measures ANOVA for MMG AMP indicated no significant 

interaction (P = 0.698; η2
p = 0.046) or main effects for legs (P = 0.342; η2

p = 0.070) or repetitions 

(P = 0.051; η2
p = 0.147) (Figure 3). For MMG MPF, there was no significant interaction (P = 

0.596, η2
p = 0.057) or main effects for legs (P = 0.118; η2

p = 0.177), or repetitions (P = 0.663; η2
p = 

0.052).  

 

Figure 3. Time Course of Changes for MMG Amplitude (AMP) and MMG Mean Power Frequency 
(MPF) during Maximal Bilateral Leg Extensions for Both Legs (R = right and L = left). “% Initial” 
refers to the value corresponding to the repetition at 10% of the total number of repetitions completed. 
*Indicates there was a significant (P<0.05) relationship between normalized right leg MMG AMP and left 
leg MMG MPF versus the total number of repetitions completed.  

 

Polynomial regression analyses for the individual and composite MMG AMP versus total 
number of repetitions completed relationships (Table 4) for the right leg exhibited negative, 
linear relationships (r = -0.54 to -0.71) for 3 of the 14 subjects; negative, quadratic relationships 
(R = -0.75 to -0.84) for 2 subjects; no significant relationships for 9 subjects; and a negative, 
quadratic (R = -0.90) for the composite model. For the left leg, 4 of the 14 subjects exhibited 
negative, linear relationships (r = -0.53 to -0.62); 2 subjects exhibited negative, quadratic 
relationships (R = -0.85 to -0.94); 1 subject exhibited a positive, linear relationship (r = 0.63); 7 
subjects exhibited no significant relationships; and there was no significant relationship for the 
composite model. 
 
Polynomial regression analyses for the individual and composite MMG MPF versus total number 
of repetitions completed relationships (Table 5) for the right leg exhibited negative, linear 
relationships (r = -0.62 to -0.73) for 2 of the 14 subjects; 1 subject exhibited a positive, linear 
relationship (r = 0.65); no significant relationships for 11 subjects; and no significant relationship 
for the composite model. For the left leg, 1 subject exhibited a negative, linear relationship (r = -
0.71); 1 subject exhibited a negative, quadratic relationship (R = -0.83); no significant 
relationships for 12 subjects; and a negative, linear relationship (r = -0.48) for the composite 
model. 
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Table 4. Polynomial Regression Models, Correlations, and P-Values for Normalized MMG 
Amplitude (AMP) versus Total Number of Repetitions Completed for Both Legs during 
Maximal Bilateral Leg Extensions.  

Subjects   Right MMG AMP        Left MMG AMP      

  Model Correlation P-Value Model Correlation P-Value 

1 - - N.S. - - N.S. 

2 - - N.S. - - N.S. 

3 - - N.S. Linear 0.628   0.004 

4 Quadratic -0.752 0.017 Quadratic -0.937 <0.001 

5 - - N.S. - - N.S. 

6 - - N.S. - - N.S. 

7 - - N.S. - - N.S. 

8 - - N.S. Linear -0.529 0.020 

9 - - N.S. - - N.S. 

10 Linear -0.707 0.001 Linear -0.601 0.007 

11 Quadratic -0.840 0.002 Quadratic -0.848 0.001 

12 - - N.S. - - N.S. 

13 Linear -0.535 0.018 Linear -0.615 0.005 

14 Linear -0.539 0.017 Linear -0.574 0.010 

Composite Quadratic -0.898 0.001 - - N.S. 

 
 
Table 5. Polynomial Regression Models, Correlations, and P-Values for Normalized MMG 
Mean Power Frequency (MPF) versus Total Number of Repetitions Completed for Both 
Legs during Maximal, Bilateral Leg Extensions. 

Subjects  Right MMG MPF   Left MMG MPF  

 Model Correlation P-Value Model Correlation P-Value 

1 - - N.S. - - N.S. 

2 - - N.S. - - N.S. 

3 - - N.S. Linear -0.714 0.001 

4 - - N.S. - - N.S. 

5 Linear 0.645 0.003 - - N.S. 

6 - - N.S. - - N.S. 

7 - - N.S. - - N.S. 

8 - - N.S. - - N.S. 

9 - - N.S. - - N.S. 

10 - - N.S. Quadratic -0.832 0.004 

11 - - N.S. - - N.S. 

12 Linear -0.620 0.005 - - N.S. 

13 - - N.S. - - N.S. 

14 Linear -0.703 0.001 - - N.S. 

Composite - - N.S. Linear -0.480 0.038 
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Discussion 

The results of the present study demonstrated linear, fatigue-related decreases in torque and 
average power across the total number of repetitions completed (Figure 1). These findings were 
consistent with previous studies (25,34,35) that have reported fatigue-induced decreases in 

concentric isokinetic leg extension torque at velocities that ranged from 60-300s-1 in men and 
women. In addition, Cheng and Rice (14) reported decreases in power and MVIC force following 
fatiguing dynamic constant external resistance leg extensions. Thus, the results of the current 
study, in conjunction with the findings of previous studies, indicated that fatiguing isokinetic and 
DCER leg extensions resulted in decreases in power (14), torque (25,34,35), and MVIC force 
(14). 
 
In the present study, the composite data revealed no mean differences for the right leg versus 
left leg for any of the neuromuscular parameters (EMG AMP, EMG MPF, MMG AMP, or MMG 
MPF) during the maximal, fatiguing, bilateral, isokinetic leg extensions (Figures 2 & 3). Previous 
studies have examined the bilateral EMG and MMG responses to repeated muscle actions 
(3,28,29,31,36) for various modes of exercise. Anders et al. (3) reported no fatigue-related 
differences between legs for EMG AMP, EMG MPF, MMG AMP, and MMG MPF during 
maximal, bilateral, isokinetic leg extensions. The findings of Anders et al. (3) for dynamic muscle 
actions were consistent with those of Matkowski et al. (28,29), Oda and Moritani (31), and Post 
et al. (36), who found no differences between contralateral limbs for EMG AMP and/or EMG 
MPF from the superficial muscles of the quadriceps femoris, biceps brachii, and first dorsal 
interosseous muscles during sustained bilateral, submaximal or maximal, isometric muscle 
actions. Furthermore, the results of the present study demonstrated general consistency 
between legs for the individual patterns of responses for all neuromuscular parameters (Tables 
2-5). Specifically, individual subjects exhibited 64%, 57%, 86%, and 64% consistency between 
legs for the patterns of EMG AMP, EMG MPF, MMG AMP, and MMG MPF responses, 
respectively. Overall, for the 56 (14 subjects x 4 parameters) neuromuscular responses, 68% 
displayed the same patterns of responses for both legs. Thus, the results of the present study 
are in agreement with previous isokinetic (3) and isometric (28,29,31,36) studies that reported 
close similarities for fatigue-induced patterns of EMG AMP, EMG MPF, MMG AMP, and MMG 
MPF responses between homologous muscles of contralateral limbs during bilateral muscle 
actions. 
 
The general consistency for the patterns of neuromuscular responses exhibited between legs 
for the composite and individual responses in the present study may be explained by interlimb 
coordination. Previous studies (6,7,43) have suggested that during bilateral muscle actions, the 
movement of one limb is influenced by the other as a result of common afferent feedback. 
Boonstra et al. (6) and McAuley et al. (30) found that there is a common rhythmic input to the 
motor unit pools of homologous muscles of contralateral limbs, referred to as bilateral coupling. 
It has been suggested that bilateral coupling arises from cortical neural cross-talk through the 
corpus callosum between bilateral motor areas (12,37), specifically, from branched presynaptic 
fibers or presynaptic synchronization of last-order inputs (13) and could be a mechanism to 
attenuate the decline in torque associated with fatigue. De Luca and Erim (17,18) used surface 
EMG during submaximal hand extensions to investigate motor unit activation and reported a 
common drive between motor units, similar to bilateral coupling, as a possible mechanism of 
offsetting fatigue. The similarities in neuromuscular responses between legs in the present study 
also supported the bilateral coupling theory, and suggested a similar common drive between 
homologous muscles of contralateral limbs (17,18). 
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Recently, Anders et al. (3) recommended examining both the individual and composite 
neuromuscular responses when interpreting motor unit activation strategies due to “… inter-
individual variations in fatigue-related changes” (p.11). The individual patterns of neuromuscular 
responses in the present study were largely different from the composite responses. For EMG 
AMP, EMG MPF, MMG AMP, and MMG MPF, only 39%, 11%, 32%, and 43% of the individual 
patterns of neuromuscular responses matched the composite data, respectively (Tables 2-5). 
Thus, the findings of this study showed fewer similarities between the individual and composite 
neuromuscular patterns of responses than those of Anders et al. (3) for EMG and MMG MPF. 
Anders et al. (3) reported 19%, 65%, 31%, and 46% of the individual patterns of neuromuscular 
responses matched the composite patterns for EMG AMP, EMG MPF, MMG AMP, and MMG 
MPF, respectively. Overall, Anders et al. (3) reported greater similarities between the individual 
and composite neuromuscular patterns of responses with 41% similarity, compared to 31% in 
the present study. It is possible that the greater magnitude of fatigue for the subjects in the 
present study (i.e., a decrease to 30% of peak torque) compared to that of Anders et al. (3) (a 
decrease to 50% of peak torque) accounted for the greater differences between the individual 
and composite neuromuscular responses.  
 
In the present study, there were no differences between legs for the fatigue-induced mean 
responses for any of the neuromuscular parameters. Thus, the neuromuscular parameters were 
averaged across legs, and there were no mean changes across repetitions for EMG AMP, MMG 
AMP, or MMG MPF. However, there was a decrease in EMG MPF. Recently, Anders et al. (3) 
reported similar findings for EMG AMP, EMG MPF, and MMG MPF, but a decrease in MMG 
AMP as the result of a less fatiguing bilateral workbout, where the subjects performed an 

average of 56  17 maximal, isokinetic leg extensions and reduced torque to 50% of peak 

torque. In the present study, the subjects performed an average of 67  19 maximal, isokinetic 
leg extensions and reduced torque to 30% of peak torque. Thus, while Anders et al. (3) also 
reported no difference between legs and the fatigue-induced neuromuscular patterns of 
responses were generally similar to the present study, the difference between studies for the 
MMG AMP responses may have been due to the differences in the level of fatigue induced by 
the workbout.    
 
Typically, during maximal, fatiguing, unilateral workbouts, there are increases in EMG AMP 
(34,40,41) and MMG AMP (24,40,41), as well as decreases in EMG MPF (10,11,40), and MMG 
MPF (10,11,23). Both fatiguing bilateral and unilateral muscle actions are characterized by 
decreases in EMG MPF (19) due to a reduction in action potential conduction velocity. The 
reduction in action potential conduction velocity has been attributed to the buildup of metabolic 
byproducts, decreases in intracellular pH, and increases in extracellular potassium which affect 
action potential propagation (21,42). For unilateral muscle actions, it has been suggested (39) 
that increases in EMG AMP and MMG AMP, as well as decreases in MMG MPF reflect fatigue-
induced changes in muscle activation, motor unit recruitment, and the global motor unit firing 
rate, respectively. These patterns of neuromuscular responses are generally consistent with the 
expectations associated with the Muscular Wisdom Theory (27) and the Onion Skin Scheme 
(17), even though the physiological mechanisms that underly the patterns of responses are 
different. The Muscular Wisdom Theory (27) proposes that fatigue results in a decrease in motor 
unit firing rate, elongation of the twitch response, and greater fusion of motor unit twitches to 
produce efficient torque production. The Onion Skin Scheme (15) postulates that a fatigue-
induced increase in muscle activation and EMG AMP may result from the recruitment of the 
10% of motor units that are held in reserve as a protective mechanism during maximal exercise 
(16). Theoretically, these higher threshold motor units have lower firing rates than the already 
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activated motor units which results in a reduction in the overall (global) motor unit firing rate with 
fatigue (15).  
 
The results of the present study and those from Anders et al. (3) suggested that there may be 
differences for bilateral versus unilateral muscle actions with regard to the motor unit activation 
strategies that are used to modulate torque production resulting from fatigue. The lack of mean 
changes across repetitions for EMG AMP and MMG MPF found in the present study and Anders 
et al. (3) suggested that, unlike unilateral muscle actions, bilateral muscle actions are not 
characterized by neuromuscular responses that reflect changes in fatigue-induced motor unit 
activation strategies. The lack of changes in EMG AMP and MMG MPF in the present study and 
Anders et al. (3) were not consistent with the increases in muscle activation or decreases in 
global motor unit firing rate that are typical of fatiguing unilateral muscle actions (5,23). Perhaps 
the lack of fatigue-induced changes in EMG AMP and MMG MPF during bilateral muscle actions 
in the present study and Anders et al. (3) were due to differences between unilateral and 
bilateral muscle actions in the magnitude of fatigue. Typically, bilateral muscle actions result in 
less performance fatigability than unilateral muscle actions (2,29). It is also possible that the 
physiological mechanisms underlying bilateral versus unilateral fatigue are different. Unlike 
unilateral muscle actions, the results of the present study suggested that fatigue during the 
bilateral muscle actions may have been due to factors that contribute to excitation-contraction 
coupling failure that were not reflected in changes in neuromuscular responses such as calcium 
release and reuptake by the sarcoplasmic reticulum, actin-myosin binding, and/or calcium-
troponin binding (26,44).  
 
Conclusions 

The results of this study showed no mean differences between legs for neuromuscular 
responses during maximal, fatiguing, bilateral, isokinetic leg extensions. However, there were 
differences between individual and composite neuromuscular patterns of responses. These 
findings support the need to report individual as well as composite, fatigue-induced patterns of 
neuromuscular responses. Furthermore, the fatigue-induced decline in EMG MPF in the present 
study, without changes in EMG AMP, MMG AMP, or MMG MPF suggested that the modulation 
of torque during a fatiguing task may be different for bilateral versus unilateral muscle actions. 
Future research should compare the neuromuscular responses and physiological mechanisms 
of fatigue during bilateral versus unilateral muscle action with various muscle groups and 
fatiguing tasks.   
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