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ABSTRACT

Camic CL, Housh TJ, Zuniga JM, Hendrix CR, Mielke M, Johnson GO, Schmidt RJ. The Influence of Electrode Orientation on the Electromyographic Amplitude and Mean Power Frequency Versus Isometric Torque Relationships for the Vastus Lateralis. JEPonline 2010;13(1):10-20.  The purposes of this study were to compare parallel versus perpendicular electrode orientations during isometric muscle actions for: 1) the torque-related patterns of responses for electromyographic (EMG) amplitude and mean power frequency (MPF); 2) the mean absolute EMG amplitude and MPF values; and 3) the mean normalized EMG amplitude and MPF values. Eleven adults (mean ± SD age = 23.9 ± 3.0) performed isometric muscle actions at 10 – 100% MVC on a Cybex II dynamometer. Two bipolar EMG electrode arrangements were placed approximately parallel and perpendicular to the muscle fibers over the vastus lateralis. Twenty-seven percent of the subjects exhibited different torque-related patterns of responses between electrode orientations for EMG amplitude and 55% exhibited different patterns for MPF. The mean absolute EMG amplitude and MPF values were greater for the parallel than the perpendicular electrode orientation for 10 and 9 of the torque levels, respectively. For the normalized EMG amplitude and MPF values, however, the parallel electrode orientation was greater than the perpendicular for only 2 and 1 torque level, respectively. These findings indicated that normalization reduced, but did not eliminate, the influence of electrode orientation and emphasized the importance of standardizing electrode orientation to compare EMG values.

Key Words: Parallel, Perpendicular, Normalization.
INTRODUCTION
The surface electromyographic (EMG) signal reflects muscle activation and its amplitude and frequency contents can be influenced by electrode placement (6-8,15,17).  Specifically, Farina et al. (8) proposed that a number of non-physiological factors, such as interelectrode distance, electrode size and shape, location of the electrodes over the muscle, and electrode orientation can affect the time and frequency domains of the EMG signal.  For example, to measure action potentials from the same muscle fibers, it is necessary to place the electrodes parallel to the pennation angle of the active muscle fibers (13).  A perpendicular electrode orientation records the electrical activity of separate muscle fibers and therefore, can affect the absolute EMG amplitude and mean power frequency (MPF) values during a muscle action (2,18,20).  In addition, previous studies have reported significant mean differences in EMG amplitude and MPF values measured from electrodes oriented parallel compared to those placed perpendicular to the muscle fibers (2,18,20).  Andreassen and Rosenfalck (2) indicated that for a perpendicular orientation, action potentials from muscle fibers that are of equal distance from each electrode would be extinguished by the differential amplifier and therefore, not contribute to the signal.  Recent studies (3,4), however, have indicated that the influence of electrode placement (i.e., interelectrode distance and placement of the electrodes relative to the innervation zone) on the EMG signal can be reduced or eliminated through normalization.  To our knowledge, no previous studies have examined the effects of normalization on EMG amplitude and MPF values recorded from parallel versus perpendicular electrode orientations.  
Therefore, the purposes of this study were to compare parallel versus perpendicular electrode orientations during isometric muscle actions of the leg extensors for:  1) the torque-related patterns of responses for EMG amplitude and MPF; 2) the mean absolute EMG amplitude and MPF values; and 3) the mean normalized EMG amplitude and MPF values.  Based on the findings of previous studies (2,3,4,18,20), we hypothesized that:  1) there would be significant differences between the parallel and perpendicular electrode orientations for the torque-related patterns of responses for EMG amplitude and MPF; 2) the parallel electrode orientation would result in greater mean absolute EMG amplitude and MPF values compared to the perpendicular orientation; and 3) there would be no differences between the parallel and perpendicular electrode orientations for the mean normalized EMG amplitude and MPF values.

METHODS


Subjects

Eleven adults (4 males, 7 females; mean ± SD age = 23.9 ± 3.0 years; body weight = 66.8 ± 34.3 kg) volunteered to participate in this investigation.  The training status of the subjects ranged from untrained and moderately-trained (approximately 4-5 resistance training or aerobic training sessions per week).  The study was approved by the University Institutional Review Board for Human Subjects, and all participants completed a healthy history questionnaire and signed a written informed consent document prior to testing.

Orientation Session
The first laboratory visit consisted of an orientation session to familiarize the subjects with the testing protocols.  During the orientation session, the subjects performed isometric muscle actions of the dominant leg extensors (based on kicking preference) on a calibrated Cybex II dynamometer.  The subjects performed one 6-sec maximal voluntary isometric contraction (MVC) of the leg extensors, followed by five submaximal isometric muscle actions in 20% increments from 10% to 90% MVC at a joint angle of 120° between the thigh and leg.  Verbal feedback regarding torque production was provided after each isometric muscle action.

Isometric Testing

After a minimum rest period of 48 h following the orientation session, each subject completed the isometric testing.  The isometric testing session began with a warm-up of five submaximal isometric muscle actions of the dominant leg extensors on a calibrated Cybex II dynamometer.  Each isometric muscle action was 6-sec in duration and performed at a joint angle of 120° between the thigh and leg.  The subjects were instructed to provide an effort corresponding to approximately 50% of their maximum for each muscle action.  Following the warm-up trials and two minutes of rest, the subjects performed two maximal, 6-sec isometric muscle actions to determine the MVC.  During each maximal muscle action, the subjects were verbally encouraged to produce as much muscle torque as possible.  The subjects then performed a series of randomly ordered submaximal muscle actions in 10% increments from 10% to 90% MVC.  Trials were repeated if the actual submaximal torque was not within ± 5% of the calculated value.  Following the submaximal muscle actions, two additional maximal efforts were performed to determine if the testing affected the MVC.  A two minute rest period was allowed between all maximal and submaximal muscle actions.   


EMG Measurements

Two separate bipolar (20 mm center-to-center) surface electrode (circular 4 mm diameter silver/silver chloride, BIOPAC Systems, Inc., Santa Barbara, CA) arrangements were oriented on the dominant leg over the vastus lateralis muscle.  The first electrode arrangement (called parallel) was placed on the vastus lateralis according to the recommendations of the SENIAM Project (10), at one-third of the distance between the lateral border of the patella and the anterior superior iliac spine.  These points were measured with the subject in the standing position and the dominant leg fully extended.  In addition, the electrode-placement sites were located 5 cm lateral to the reference line so that they would lie over the vastus lateralis (14).  A standard goniometer (Smith & Nephew Rolyan, Inc., Menomonee Falls, WI) was used to orient the electrodes at a 20° angle to the reference line to approximate the pennation angle of the vastus lateralis (1,9,12).  The second electrode arrangement (called perpendicular) was oriented perpendicular to the first set of electrodes and, therefore, approximately perpendicular to the pennation angle of the vastus lateralis.  The two reference electrodes were placed over the iliac crest.  Prior to electrode placement, the skin at each electrode site was shaved, carefully abraded, and cleaned with alcohol.  Interelectrode impedance was less than 2000 Ω.  The EMG signals for each electrode arrangement were amplified (gain: x1000) using differential amplifiers (EMG 100, Biopac Systems, Inc., Santa Barbara, CA, bandwidth = 10-500 Hz).  

Signal Processing
The raw EMG signals were digitized at 1000 Hz and stored in a personal computer (Macintosh 7100/80 AV Power PC, Apple Computer, Inc., Cupertino, CA) for subsequent analyses.  All signal processing was performed using custom programs, which had been written with LabVIEW programming software (version 7.1, National Instruments, Austin, TX).  The EMG signals were digitally bandpass filtered (fourth-order Butterworth) at 10-500 Hz.  The amplitude (µVrms) and MPF (Hz) values for the isometric muscle actions were calculated for a 2-sec time period corresponding to the middle 33% of the 6-s isometric muscle action, to ensure that the EMG signal was measured at the desired torque level.  For the MPF analyses, each data segment was processed with a Hamming window and the discrete Fourier transform algorithm.  The MPF was selected to represent the power spectrum in accordance with the recommendations of Hermens et al. (10) and was calculated with the following equation:
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where f is frequency, f0 is 0 Hz, fc is the cutoff frequency (i.e., the last frequency in the discrete summation), and P( f ) is the power density (V2/Hz) of the EMG signal (11). 
Statistical Analyses
Torque (N·m), absolute EMG amplitude (µVrms), and absolute EMG MPF (Hz) values were determined for all muscle actions.  For each subject, the EMG amplitude and MPF values were also normalized (expressed as a percentage of the highest recorded value, % max).  That is, each EMG amplitude or MPF value at a given %MVC was divided by the single highest observed value.  Paired t-tests were then used to examine mean differences between the two electrode orientations (parallel versus perpendicular) for absolute and normalized EMG amplitude and MPF values at each isometric torque level.  Paired t-tests were also used to examine mean differences between the MVC, absolute EMG amplitude, and absolute EMG MPF values measured before and after the submaximal isometric muscle actions.  An alpha of p < 0.05 was considered statistically significant for all comparisons.  The relationships for absolute and normalized EMG amplitude and MPF versus isometric torque for each subject (8) and both electrode orientations were examined using polynomial regression models (linear, quadratic; SPSS software program, Chicago, IL).  The statistical significance for the increment in the proportion of the variance that would be accounted for by a higher-degree polynomial was determined using the following F-test (16):

[image: image2.png]po (Re— RO/ (K~ Ky)
G-RD/(n- K- 1)




where n is the number of data points, [image: image4.png]


is the larger R2, [image: image6.png]


is the smaller R2, K2 is the number of predictors from the larger R2, and K1 is the number of predictors from the smaller R2.

RESULTS

Torque
The mean (± SEM) isometric MVC values measured before (Pre) and after (Post) the submaximal muscle actions are shown in Table 1.  There were no significant mean differences found between the pre and post isometric MVC values.

EMG Amplitude

Table 1 provides mean (± SEM) absolute EMG amplitude values for the parallel and perpendicular electrode orientations measured during the pre and post isometric MVC assessments.  There were no significant mean differences between the pre and post absolute EMG amplitude values for the parallel or perpendicular electrode orientations.  The results of the polynomial regression analyses for the absolute and normalized EMG amplitude versus isometric torque relationships for each subject for the parallel and perpendicular electrode orientations are shown in Table 2.  The absolute and normalized EMG amplitude versus isometric torque relationships for the parallel electrode orientation were best fit with linear models for seven subjects and quadratic models for four subjects.  

For the perpendicular electrode orientation, the absolute and normalized EMG amplitude versus isometric torque relationships were best fit with linear models for four subjects and quadratic models for seven subjects.  The results from the paired t-tests between parallel and perpendicular electrode orientations for absolute and normalized EMG amplitude at each isometric torque level are provided in Table 3.  The mean absolute EMG amplitude values for the parallel electrode orientation were greater than those for the perpendicular orientation at all ten isometric torque levels.  The mean normalized EMG amplitude values for the parallel electrode orientation were greater than those for the perpendicular electrode orientation at two isometric torque levels (50 and 60% MVC).
EMG MPF

Table 1 provides mean (± SEM) absolute EMG MPF values for the parallel and perpendicular electrode orientations measured during the pre and post isometric MVC assessments.  There were no significant mean differences between the pre and post absolute EMG MPF values for either the parallel or perpendicular electrode orientations.  Table 4 shows the results of the polynomial regression analyses for the absolute and normalized EMG MPF versus isometric torque relationships for each subject for the parallel and perpendicular electrode orientations.  The absolute and normalized EMG MPF versus torque relationships for the parallel electrode orientation were best fit with the quadratic models for four subjects and linear for one subject.  There were no significant relationships for absolute and normalized EMG MPF versus isometric torque for six subjects for the parallel electrode orientation.  For the perpendicular electrode orientation, the absolute and normalized EMG MPF versus isometric torque relationships were best fit with quadratic models for seven subjects and linear models for two subjects.  There were no significant relationships for absolute and normalized EMG MPF versus isometric torque for two subjects for the perpendicular electrode orientation.  The results from the paired t-tests between the electrode orientations (parallel and perpendicular) for absolute and normalized EMG MPF at each isometric torque level are provided in Table 5.  The mean absolute EMG MPF values for the parallel electrode orientation were greater than those for the perpendicular orientation at nine isometric torque levels (except 20% MVC).  The mean normalized EMG MPF value for the parallel electrode orientation was greater than that for the perpendicular orientation at one isometric torque level (100% MVC).

DISCUSSION

Patterns of response for EMG amplitude  

In the present investigation, both the parallel and perpendicular electrode orientations resulted in linear (r = 0.95 – 0.99) and quadratic (r = 0.98 – 0.99) EMG amplitude versus isometric torque relationships for the vastus lateralis (Table 2).  For the parallel electrode orientation, the absolute and normalized EMG amplitude versus isometric torque relationships were best fit with linear models for 7 subjects (64%) and quadratic models for 4 subjects (36%).  For the perpendicular electrode orientation, the absolute and normalized EMG amplitude versus isometric torque relationships were best fit with linear models for 4 subjects (36%) and quadratic models for 7 subjects (64%).  These findings were consistent with previous studies (3,4,19) that have also reported linear and/or quadratic patterns of responses for the EMG amplitude versus isometric torque relationships for the vastus lateralis.  For example, Beck et al. (3,4) utilized a linear electrode array and an electrode orientation parallel to the pennation angle of the vastus lateralis, and reported that 40 – 50% of subjects exhibited linear (r = 0.94 – 0.98) absolute and normalized EMG amplitude versus isometric torque relationships, while 50 – 60% exhibited quadratic (r = 0.94 – 1.00) patterns of responses.  The inter-individual differences in the present study, as well as the findings of Beck et al. (3,4), supported the suggestion of Farina et al. (8) that the EMG amplitude versus force relationship should be determined on a subject-by-subject basis.
Farina et al. (8) proposed that a number of physiological (i.e. muscle fiber conduction velocity, number of recruited motor units, motor unit synchronization, etc.) and non-physiological (i.e. thickness of the subcutaneous tissue layers, interelectrode distance, crosstalk) factors can affect the EMG signal.  One of the non-physiological factors that can affect the EMG signal is the “…inclination of the detection system relative to muscle fiber orientation” (8, p. 1487).  In the present investigation, 3 of the 11 subjects (27%) exhibited different patterns of responses for the parallel versus perpendicular electrode orientations for the EMG amplitude versus isometric torque relationships (Table 2).  These findings further support the suggestion of Farina et al. (8) and indicated that electrode orientation not only affects the amplitude and frequency characteristics of the EMG signal, but also the pattern of response for the EMG amplitude versus isometric torque relationship. 

EMG Amplitude

Previous investigations (7,8,15,17) have suggested that the EMG signal may be affected by the electrode placement over the muscle.  Recent studies (5,6) utilizing bipolar configurations have oriented the electrodes parallel to the approximated muscle fiber pennation angle.  There are, however, few studies that have examined the effects of a perpendicular electrode orientation on EMG responses during isometric muscle actions.  Vigreux et al. (18) examined the influence of electrode orientation on EMG signals during isometric muscle actions of the biceps brachii.  Their findings indicated that a parallel electrode orientation recorded “…about twice as much (EMG) activity…” (18, p. 124) as a perpendicular electrode orientation.  Thus, in the present investigation, we hypothesized that the parallel electrode orientation would result in greater absolute EMG amplitude values than the perpendicular orientation.  As shown in Table 3, the mean absolute EMG amplitude values for the parallel electrode orientation were greater (19.6 to 41.7%) than the perpendicular orientation at all 10 isometric torque levels. The results of the present study, as well as those of Vigreux et al. (18), supported the theoretical model of Andreassen and Rosenfalck (2) which suggested that electrodes placed perpendicular to the muscle fibers would result in a smaller pick-up area, because the action potentials from fibers of equidistance from each electrode would be cancelled by the differential amplifier and, therefore, not contribute to the signal.  For the normalized EMG amplitude values in the present study, however, the only significant mean differences between the parallel and perpendicular electrode orientations were at 50 and 60% MVC (Table 3).  Thus, in 80% of the cases, electrode orientation had no effect on the mean normalized EMG amplitude values.  These findings indicated that normalization reduced, but did not totally eliminate, the influence of electrode orientation on EMG amplitude during isometric muscle actions.
Patterns of response for EMG MPF

The parallel and perpendicular electrode orientations resulted in linear (r = 0.71 – 0.90) and quadratic (r = 0.55 – 0.97) patterns of responses for the EMG MPF versus isometric torque relationships (Table 4).  The absolute and normalized EMG MPF versus isometric torque relationships for the parallel electrode orientation were best fit with a linear model for one subject (9%), quadratic model for 4 subjects (36%), and no relationship for 6 subjects (55%).  For the perpendicular electrode orientation, the absolute and normalized EMG MPF versus isometric torque relationships were best fit with a linear model for 2 subjects (18%), quadratic model for 7 subjects (64%), and no relationship for 2 subjects (18%).  These findings were consistent with previous investigations that have examined the patterns of responses for EMG MPF versus isometric torque of the quadriceps (3,5).  Specifically, Beck et al. (5) reported linear, quadratic, and/or non-significant relationships for EMG MPF versus isometric torque from different electrode locations on the vastus lateralis (n = 11).  Furthermore, in the present investigation, the patterns of responses for the absolute and normalized EMG MPF versus isometric torque relationships were the same for the parallel and perpendicular electrode orientation for only 5 of the 11 subjects (Table 4).  Thus, in 55% of the cases, the absolute and normalized EMG MPF versus isometric torque relationships were influenced by electrode orientation.  These findings demonstrated the importance of standardizing electrode location to compare the EMG MPF versus isometric torque relationships between studies.  

Mean Power Frequency

In theory, the physiological and non-physiological factors that affect EMG amplitude can also affect the frequency domain of the EMG signal.  As shown in Table 5, the mean absolute EMG MPF values for the parallel electrode orientation were greater than the perpendicular orientation for nine of the 10 isometric torque levels.  Once normalized, however, there were no significant differences in EMG MPF values for the parallel versus perpendicular electrode orientations except at 100% MVC.  Thus, normalization eliminated the effect of electrode orientation on the mean EMG MPF values for 90% of the isometric torque levels.  
There are limited data regarding the influence of electrode orientation on the EMG frequency versus isometric torque relationships.  Zedka et al. (20), however, examined the effects of electrode type (2 mm diameter round, 1 cm diameter round, and 1 cm x 1 mm bar-shaped) and orientation on absolute EMG signals during isometric muscle actions of the erector spinae from 20 – 100% MVC.  Specifically, median power frequency values were compared between parallel and perpendicular electrode orientations from four different locations on the erector spinae (two locations utilized the same type of electrode).  The authors (20) reported that the parallel electrode orientation resulted in greater absolute median power frequency values than the perpendicular orientation at 20, 40, and 60% MVC for 3 of the 4 sets of electrodes.  These findings were consistent those of the present study and with our hypothesis that the parallel electrode orientation would result in greater absolute EMG frequency values compared to the perpendicular orientation due to the signal cancellation effects of a differential amplifier.  Furthermore, Zedka et al. (20) suggested that several factors may have contributed to the non-significant differences between the parallel and perpendicular electrode orientations in median power frequency recorded from the bar-shaped electrodes including their relative proximal location along the erector spinae and/or the “considerable amount of contact noise” (p. 446) associated with this electrode set. 

CONCLUSION
A limitation of the present study was the estimation of the pennation angle for the muscle fibers of the vastus lateralis.  It is likely that the pennation angle for each subject was not precisely 20° and, therefore, the parallel electrode orientation may not have been placed exactly parallel to the muscle fibers.  The approximated pennation angle of 20° used in the present study was consistent with the findings of Abe et al. (1) who used B-mode ultrasound and reported an average pennation angle for the vastus lateralis of 20.6°.  Future studies should determine the pennation angle for each subject by utilizing ultrasound or linear electrode array techniques to further examine the effects of electrode orientation on the amplitude and frequency contents of the EMG signal during isometric muscle actions.
In summary, the results of the present investigation indicated that the parallel and perpendicular electrode orientations resulted in linear, quadratic, and non-significant torque-related patterns of responses for EMG amplitude and MPF.  In addition, 27% of the subjects exhibited different torque-related patterns of responses between electrode orientations for EMG amplitude and 55% exhibited different patterns for MPF.  For absolute EMG amplitude and MPF, the parallel orientation resulted in significantly greater mean values compared to the perpendicular orientation for 95% of the isometric torque levels.  Following normalization of these values, however, significant mean differences between the electrode orientations were observed in only 15% of the cases.  Therefore, normalization reduced, but did not entirely eliminate, the influence of electrode orientation on EMG amplitude and MPF during isometric muscle actions.  The findings of the current investigation emphasized the importance of normalization of the EMG signals and standardization of electrode orientation using recommendations such as those of SENIAM (10) to compare both EMG amplitude and MPF signals between studies.
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Table 1. Isometric maximum voluntary contraction, absolute EMG amplitude, and absolute EMG mean power frequency for the parallel and perpendicular electrode orientations measured before (pre) and after (post) submaximal isometric muscle actions.





�
Isometric Muscle Actions


          Pre                   Post    �
�
Isometric maximum voluntary contraction (N·m)�
142.7 ± 21.3�
144.9 ± 20.0�
�
Parallel absolute EMG amplitude (µVrms)�
257.2 ± 42.4�
267.2 ± 36.8�
�
Perpendicular absolute EMG amplitude (µVrms)�
212.6 ± 33.4�
226.8 ± 32.1�
�
Parallel absolute EMG mean power frequency (Hz)�
106.6 ± 8.4�
110.0 ± 9.0�
�
Perpendicular absolute EMG mean  power frequency (Hz)�
88.8 ± 7.4�
93.0 ± 8.2�
�
Abbreviations: EMG; electromyographic. Values are mean ( SD.  There were no significant differences (p > 0.05).





Table 2. Polynomial regression analyses by subject for absolute and normalized EMG amplitude versus isometric torque for the parallel and perpendicular electrode orientations.


Electromyographic Amplitude


                       Parallel                                                                  Perpendicular


Subject        Absolute            r            Normalized         r                  Absolute           r            Normalized         r


                       ( µVrms)                           (%max)                                   ( µVrms)                          (%max)�
�
1�
Quadratic�
0.980�
Quadratic�
0.980�
�
Quadratic�
0.985�
Quadratic�
0.985�
�
2�
Linear�
0.952�
Linear�
0.952�
�
Linear�
0.959�
Linear�
0.959�
�
3�
Quadratic�
0.992�
Quadratic�
0.992�
�
Quadratic�
0.997�
Quadratic�
0.997�
�
4�
Linear�
0.974�
Linear�
0.974�
�
Linear�
0.978�
Linear�
0.978�
�
5�
Quadratic�
0.989�
Quadratic�
0.989�
�
Quadratic�
0.993�
Quadratic�
0.993�
�
6�
Linear�
0.985�
Linear�
0.985�
�
Linear�
0.967�
Linear�
0.967�
�
7�
Linear�
0.986�
Linear�
0.986�
�
Quadratic�
0.989�
Quadratic�
0.989�
�
8�
Quadratic�
0.977�
Quadratic�
0.977�
�
Quadratic�
0.974�
Quadratic�
0.974�
�
9�
Linear�
0.955�
Linear�
0.955�
�
Linear�
0.950�
Linear�
0.950�
�
10�
Linear�
0.989�
Linear�
0.989�
�
Quadratic�
0.997�
Quadratic�
0.997�
�
11�
Linear�
0.988�
Linear�
0.988�
 �
Quadratic�
0.996�
Quadratic�
0.996�
�






Table 3. Absolute and normalized EMG amplitude for the parallel and perpendicular electrode orientations at 10-100% MVC.


% Isometric (MVC)�
Parallel�
Perpendicular�
�
Absolute EMG Amplitude (µVrms)�
�
10*�
 47.2 ± 8.0�
 34.9 ± 4.7�
�
20*�
  63.5 ± 9.0�
 44.8 ± 5.2�
�
30*�
  74.1 ± 10.1�
 54.7 ± 7.1�
�
40*�
  92.4 ± 12.9�
 68.4 ± 9.4�
�
50*�
123.3 ± 22.7�
 90.3 ± 15.6�
�
60*�
147.9 ± 23.0�
 109.0 ± 15.8�
�
70*�
174.8 ± 28.7�
 133.4 ± 20.4�
�
80*�
181.7 ± 28.4�
 145.6 ± 23.2�
�
90*�
   223.5 ± 34.7�
 186.8 ± 29.2�
�
100*�
   257.2 ± 42.4�
 212.6 ± 33.4�
�
Normalized EMGc Amplitude (% max)�
�
10�
20.2 ± 3.2�
19.1 ± 3.4�
�
20�
27.4 ± 3.0�
24.4 ± 3.4�
�
30�
32.2 ± 3.5�
29.0 ± 3.5�
�
40�
39.7 ± 3.5�
35.7 ± 3.5�
�
50*�
48.8 ± 4.4�
43.4 ± 4.0�
�
60*�
59.2 ± 4.1�
53.3 ± 3.7�
�
70�
68.5 ± 3.6�
63.6 ± 2.9�
�
80�
72.1 ± 3.3�
68.7 ± 2.7�
�
90�
87.2 ± 3.4�
86.0 ± 2.9�
�
100�
99.4 ± 0.3�
98.9 ± 1.1�
�
Values are mean ± SEM.  There were significant mean differences (p > 0.05).





Table 4. Results of the polynomial regression analyses by subject for absolute and normalized mean power frequency versus isometric torque for the parallel and perpendicular electrode orientations.


Electromyographic Mean Power Frequency


                                                   Parallel                                                                     Perpendicular


Subject         Absolute          r            Normalized          r                  Absolute           r            Normalized          r


                           (Hz)                               (%max)                                    (Hz)                                (%max)�
�
1�
Quadratic �
0.858�
Quadratic �
0.858�
�
Quadratic �
0.942�
Quadratic �
0.942�
�
2�
–�
–�
–�
–�
�
Quadratic �
0.774�
Quadratic �
0.774�
�
3�
Quadratic �
0.794�
Quadratic �
0.794�
�
Quadratic �
0.904�
Quadratic �
0.904�
�
4�
–�
–�
–�
–�
�
Quadratic �
0.847�
Quadratic �
0.847�
�
5�
Quadratic �
0.926�
Quadratic �
0.926�
�
Quadratic �
0.974�
Quadratic �
0.974�
�
6�
Linear�
0.820�
Linear�
0.820�
�
Quadratic �
0.908�
Quadratic �
0.908�
�
7�
–�
–�
–�
–�
�
–�
–�
–�
–�
�
8�
–�
–�
–�
–�
�
Quadratic �
0.912�
Quadratic �
0.912�
�
9�
Quadratic �
0.548�
Quadratic �
0.548�
�
Linear�
0.713�
Linear�
0.713�
�
10�
–�
–�
–�
–�
�
Linear�
0.896�
Linear�
0.896�
�
11�
–�
–�
–�
–�
 �
–�
–�
–�
–�
�
Note:  – indicates no significant relationship between EMG MPF and isometric torque.





Table 5. Absolute and normalized EMG mean power frequency for the parallel and perpendicular electrode orientations at 10-100% MVC.


% Isometric (MVC)�
Parallel�
Perpendicular�
�
Absolute EMG Mean Power Frequency (Hz)�
�
10*�
 106.3 ± 5.5�
 95.7 ± 5.7�
�
20�
 108.4 ± 5.6�
 99.2 ± 5.4�
�
30*�
 109.0 ± 5.9�
 100.6 ± 6.2�
�
40*�
 111.7 ± 5.3�
 100.5 ± 6.4�
�
50*�
 111.8 ± 6.1�
 99.9 ± 5.4�
�
60*�
 112.4 ± 6.4�
 98.6 ± 6.8�
�
70*�
 112.3 ± 6.1�
 99.1 ± 7.5�
�
80*�
 113.2 ± 6.6�
 98.6 ± 6.8�
�
90*�
 110.3 ± 6.8�
 96.2 ± 8.1�
�
100*�
 106.6 ± 8.4�
 88.8 ± 7.4�
�
Normalized EMG Mean Power Frequency (% max)�
�
10�
 89.1 ± 1.8�
 89.8 ± 2.5�
�
20�
 90.9 ± 1.5�
 93.2 ± 2.0�
�
30�
 91.3 ± 1.1�
 94.1 ± 1.8�
�
40�
 93.9 ± 1.6�
 93.9 ± 1.3�
�
50�
 93.6 ± 1.5�
 93.9 ± 1.9�
�
60�
 93.9 ± 1.3�
 92.0 ± 1.7�
�
70�
 93.9 ± 1.3�
 92.0 ± 1.9�
�
80�
 94.5 ± 1.3�
 91.9 ± 1.9�
�
90�
 92.0 ± 2.1�
 89.1 ± 2.9�
�
100*�
 88.2 ± 2.2�
 82.3 ± 2.7�
�
Values are mean ± SEM.  There were significant mean differences (p > 0.05)








