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I. Objective

To evaluate quantitative tests of gastrocnemius function that can be done using Biopac and to understand and minimize the sources of errors associated with these measurements

II. Specific Aims

To systematically and quantitatively determine optimal electrode placement for EMG of the gastrocnemius (including the ground electrode to optimize common mode rejection)


To determine the most effective exercise for EMG of the gastrocnemius (isotonic vs. isometric; minimization of antagonist and surrounding muscle movement; different types of isotonic isolation exercises)


To determine the optimal settings of the Biopac Pro software for minimizing background noise (band-stop filtering, sample rate)


To determine error inherent in EMG signals (reproducibility as a function of time keeping all variables constant)

III. Background


The gastrocnemius and soleus form a tripartite muscle, the tricepus surae. The medial head of the gastrocnemius has its origin at the posterior nonarticular surface of the femoral condyle, whereas the lateral head originates at the lateral surface of the femoral condyle; these two heads then unit to form the bulk of the muscle before uniting with the tendon of the underlying soleus (5).
 Contraction of the muscle pushes the foot downward (6, 12, 16). One of the major complications of EMG in general is apparent cross talk from surrounding and from anatagonistic muscle groups (7, 8, 10, 17); more specifically, when testing the gastrocnemius, cross talk between the underlying soleus muscle and the gastrocnemius muscle (15). Since the soleus muscle is known to control the end of the gait cycle, and has a “pick up effect” for the muscle, the cross talk in the EMG signal becomes a serious problem during dynamic situations (13).
 However, good results have been reported for non-dynamic exercises, especially when the EMG is conducted using low pass or other filtering techniques including the use of a band-stop as well as varying sample collection rates (1, 6, 9, 15).


The importance of EMG electrode placement is also of prime importance (7, 9, 10, 14, 18). Various methods of data analysis have been employed to determine optimal placement (2), including maximizing EMG amplitude (9, 10) as well as minimizing standard error associated with the EMG amplitudes but placing little import on maximizing read-out amplitude (4). Despite these discrepancies in data analysis, it is well recognized that optimal placement of the positive and negative electrodes is related to the innervation zone and should cross the direction of the nerve impulse (7, 10, 14, 18). Optimal placement of the ground electrode is also regarded as important for minimizing cross-talk since most EMG recording systems use common mode rejection to filter out background noise before it is finally output in the graphing program (7, 8, 9, 17). 


In general, different exercises are often used to determine a method for optimizing EMG output from a muscle when conducting EMG standardization tests (4, 9, 10). First, exercises can be performed under isometric (constant length) conditions or under isotonic (constant force) conditions (3).
 Second, there are three different exercises
 that are recognized and used for activating different regions of the gastrocnemius and isolating the activity of the gastrocnemius from that of the underlying soleus (3, 15).

IV. Experimental Organization


It should be noted that the boxes and lines that are not solid are not included in this write-up. The data included from those sections are, however, appended as a separate write-up to the end of this report. The data and its implications drifted from the main objectives of this lab; however, because there is a reasonable amount of information included therein, it was thought that future lab groups could potentially use some of that data and its associated analysis. Consequently, this “Experimental Organization” section is added to the lab report such that anybody looking back on this report would be able to understand what is included in the appended section should it appear to be useful for a future report. The section appended is included as a condensed write-up with separate objective, specific aims, background, materials,
 procedure, and results, but only a general discussion of conclusions and recommendations for future lab reports, followed by the associated bibliography section as well as appendix. The appended write-up can be found at the end of the Appendix. Further reference to this material will not be made in this write-up. 

[image: image1.emf]
V. Procedures

I. Electrode Placement


A. +, - electrodes


Twelve electrodes were placed on the gastrocnemius of each of two subjects in parallel lines (see Appendix: Picture 2A). One additional electrode was placed based on literature placement for the ground electrode. The subjects were then asked to perform isotonic, straight toed exercises (for more details explanation of different exercises see Procedures: III. A-B.). Each electrode combination was systematically tested (i.e. 1-2, 1-3, 1-4… 1-12, 2-3, 2-4… 2-12, 3-4,…). Each trial consisted of four independent gastrocnemius contractions with approximately seven-second intervals between each contraction. The subjects were asked to sit for five-minute intervals between each trial in order to minimize the effects of fatigue.


B. Ground Electrode



Five electrodes were placed on the soleus, three based on literature +, -  and ground electrode placements and one additional + and one – electrode for a single test of +, - placement based on previous lab groups
 (see Appendix: Pictures 3A-4A). Once optimal soleus electrode placement was found (subjects performed trials as previously described, contracting via isotonic, straight toed exercises), two additional electrodes were placed on the gastrocnemius based on previous data indicating optimal +, - electrode placement. Three additional electrodes were placed on the tibialis muscle based on literature placement for +, -, and ground electrodes. Finally, eight additional electrodes were then placed on the gastrocnemius at varying placements in relation to the +,- electrodes (see Appendix: Picture 5A). All trials were performed as in section A and using isotonic, straight toed exercises.

II. Filter and Sample Rate Variation


Trials (as previously described – four contractions per trial with seven-second separation intervals and five-minute rest intervals between trials) of isotonic, straight toed exercises using optimal electrode placements as previously determined were performed using a 60 Hz band-stop as compared to without a 60 Hz band-stop. Trials were also performed changing the sampling rate of the biopac software from 200 to 2000 samples per minute. All variables noted above were tried in conjunction with each other (i.e. band-stop at 200 samples/min, band-stop at 2000 samples/min, etc…).

III. Exercise Variation


A. Isotonic vs. Isometric


Using optimal electrode positions as previously determined, electrodes were attached to the soleus, tibialis, and gastrocnemius of each subject. Subjects were then asked to perform trials (as previously described) of isotonic, straight-toed exercises (see Appendix: Picture 6A). Following this, subjects were asked to perform isometric exercises by pushing against a lab bench (see Appendix: Picture 7A). All trials were performed as described in Procedures: IA.


B. Isolation Isotonic Exercises

Using optimal electrode positions as previously determined, electrodes were

attached to the soleus, tibialis, and gastrocnemius of each subject. Subjects were then asked to perform trials of isotonic exercises with their feet at three different angles: 0 (parallel, straight toed), -90, and 90 (see Appendix: Pictures 8A-10A). All trials were performed as described in Procedures: IA.

IV. Repeatability of Maximal Voluntary Contractions


Using optimal electrode positions as previously determined, electrodes were attached to the gastrocnemius of one subject. The subject was then asked to perform trials isotonic, straight-toed calf raises for two hours – trials of four, independent contractions every five minutes. 

VI. Results
+, - Electrode Placement


EMG electrodes were placed in parallel lines running down the center of the subject’s gastrocnemius and straight-toed, isotonic calf raises were performed while taking EMG data. Each possible combination of electrodes was tested,
 performing four maximal contractions at each combination to ensure reproducibility and allowing the subjects five minutes between exercising in order to minimize the effects of fatigue. The EMG amplitude at each electrode position was taken as an average of the four trials and then normalized according to the overall highest amplitude recorded along the length of the muscle for each subject (Figure 1). This technique of electrode placement and analysis of the results was adapted from a similar study of the trapezius muscle and using the cumulative sum technique (2, 4, 9, 10).

Primary electrode placement was defined as the electrode that was not changed in a series of repeated tests. It should also be noted that it is recommended that electrodes be aligned across the expected direction of impulse (14). This was confirmed experimentally by electrode placements that were located in the same horizontal plane since the electrical impulse in the gastrocnemius is believed to travel vertically (when the subject is standing) (1, 5, 6, 12, 15). In general, these electrodes showed lower voltages than electrodes aligned vertically (t-tests confirmed that, within a 95 % degree of certainty, the results were statistically significant, with differences as high as 47 % when comparing electrode pair 1-7 with 1-12).

[image: image2.png]


No trend is immediately apparent in distance between electrodes or electrode 

Placement (see figure 1). This qualitative assessment was confirmed by R2 analysis on 2-dimensional plots (see Appendix: Figures 1Aa – 4Aa) as well as by chi-squared statistics, both of which indicate that there is no clear dependence in EMG output and these variables. 

Optimal placement was defined by a combination of two techniques used in previous experiments: minimizing error/maximizing reproducibility (4) as well as maximizing EMG amplitude (9, 10). A series of two-sample t-tests showed that, within a 95 % degree of certainty, the highest values of the EMG voltages (used for normalization) obtained were statistically different from all the other values obtained. The highest values with the lowest standard deviation were then defined as the optimal electrode placement for each subject. These values correspond to electrode placement 6-11 in subject SZ and 8-11 in subject SA (as sense of this placement can be seen Figure 1 – note that lighter areas correspond to higher EMG amplitudes). The proximity in this technique defined for finding the optimal electrode placement between the two subjects lends credence to this test. It should be noted that an exact correlation between subjects was not expected; rather a “general” guideline was trying to be determined and was, indeed, found (8, 9).

Ground Electrode Placement

EMG electrodes were placed at intervals surrounding the optimal +, - electrodes (as previously defined) on the subject’s gastrocnemius. EMG electrodes were also placed on the subject’s soleus and tibialis to ensure isolation of the gastrocnemius. Two potential electrode positions were evaluated for the soleus muscle, and preliminary testing showed that the position advised in the literature was optimal (using the same definition for optimal placement as was used for the gastrocnemius).
 Straight-toed, isotonic calf raises were performed while taking EMG data. Each possible combination of electrodes was tested,
 performing four maximal contractions at each combination to ensure reproducibility and allowing the subjects five minutes between exercising in order to minimize the effects of fatigue. The EMG amplitudes at each electrode position for the soleus, gastrocnemius, and tibialis were taken as an average of the four trials and then normalized according to the overall highest amplitude recorded along the length of the muscle for each subject.  The tibialis amplitudes were factored into the soleus muscle amplitudes because they were so low (~ 0.6 – 1.5 % ± 0.67 the amplitude of the soleus muscle. Error is calculated from error inherent in measurements as well as from standard deviation [image: image3.wmf]        
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calculated from reproducibility trials). Normalized soleus amplitudes were then subtracted from normalized gastrocnemius amplitudes in order to ensure maximum isolation of the gastrocnemius (see Figure 2). Similar techniques for finding the ground electrode placement have been used with varying degrees of success for other muscle groups (7).

No trends were qualitatively apparent between distance of ground placement from recommended literature placement or from +, - placement. This was confirmed quantitatively using R2 analysis as well chi-squared statistics on two-dimensional graphs (see Appendix: Figures 5Aa – 8Aa), both of which indicate that there is no clear dependence of optimal ground placement (as defined by this analysis) and these variables.

A series of two-sample t-tests showed that, within a 95 % degree of certainty, after analysis the highest normalized and corrected EMG amplitudes were statistically different from the lowest values, and that the highest values corresponded to the upper half of the gastrocnemius, i.e. closer to the recommended literature placement. However, these same statistical methods showed that, within a 95 % degree of certainty, there was no difference between these higher values. The optimal placement found is defined, by this analysis, as the upper half of the gastrocnemius above the optimal +, - electrodes.

[image: image4.wmf] 

Picture 6A: 

Isotonic Exercise

 


Filtering and Sample Rate

EMG electrodes were placed on a subject’s gastrocnemius and the subject was asked to perform repeated trials of straight-toed, isotonic calf raises. Trials were conducted with the following combinations of variables: 60 Hz band-stop, 200 Samples/min; no 60 Hz band-stop, 200 Samples/min; 60 Hz band-stop, 2000 Samples/min; no 60 Hz band-stop, 2000 Samples/min. Four trials, each consisting of four independent muscle contractions were performed at each setting. This data was then averaged and the standard deviation was found (see Figure 3). In addition, the standard error within the biopac equipment was found as a percentage for each measurement and this was converted into a value having units of millivolts. These values were also averaged (see Figure 4).
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It was found from these tests that the sampling time corresponding to a rate of 200 samples per minute with a band-stop applied had the lowest average EMG amplitudes. Two –sample t-tests confirmed that this population was, with a 95 % degree of certainty, significantly different from the other data sets. However, none of the other populations were statistically significantly different (within a 95 % degree of certainty). 

Since the band-stop was the only difference between the two Ks = 200 populations, this indicates that the band-stop can have a significant role in decreasing the amplitude of the EMG. However, a similar relationship was not observed at the Ks = 2000 indicating that no conclusive evidence for the use of a band-stop can be offered from the EMG amplitude data alone. Similar arguments can be made for sampling rates.


Data from the error inherent in the measurements of the data from Figure 3 (see Figure 4) indicates that there is an observable difference in applying a band-stop as well as when changing sampling rates from 200 to 2000. Although the difference observed at Ks = 200 was not observed at Ks​ = 2000 (two sample t-tests indicate that, within a 95 % degree of certainty, the two Ks = 2000 populations are not statistically significantly different), there is still evidence that increasing the sampling rate decreases error (two sample t-tests indicate that, within a 95 % degree of certainty, the Ks = 2000 data sets were significantly different from the Ks = 200 data sets). 


Combining the results from EMG amplitude data as well as from error associated with this data indicates that applying a band stop has an observable effect at lower sampling rates, but that higher sampling rates, in addition to showing no effect in data collected from applying a band stop as opposed to not applying a band stop, were more conducive to decreasing error and increasing amplitude. The techniques for data analysis used here are similar to those used in other papers (9, 10, 18), however these other papers do not usually consider error inherent to the measurements as well as EMG amplitudes. 

Exercise Variation

[image: image6.jpg]


EMG electrodes were placed on the gastrocnemius (pair 6-11 for subject SZ and 8-11 for subject SA) and on the soleus and tibialus of each subject. Subjects were then asked to perform a series of four different exercises, isotonic (
 = -90, 0, 90) and isometric. Four trials of four maximal contractions were performed at each exercise, with five minute rests between each trial to minimize the effects of fatigue. The EMG amplitudes were taken as an average of the four trials, each trial consisting of the four separate maximal contractions; this was done to maximize reproducibility. EMG amplitudes were further scaled down based on ambient noise recorded when two EMG electrodes are shorted together
 (Figure 5).


Researchers in the past have reported better results in isolating muscle activity from isotonic exercises (9, 13). This was confirmed in both subjects as seen qualitatively in Figure 4. Activity in the gastrocnemius was higher for isotonic exercises than activity in any other muscle groups (in contrast to  = 90 or - 90 for subject SZ). However, quantatively, the EMG amplitudes for subject SZ of the soleus and gastrocnemius were not statitistically different (within a 95 % degree of certainty) for any of the tests. In addition, the peak values of the soleus and the gastrocnemius are both within a standard deviation of one another for each respective trial for subject SZ. 

Further statistical testing showed that, when EMG amplitudes were normalized, the trends seen of increasing/decreasing muscle group activity were independent of the exercise for subject SA (within a 95 % degree of certainty). This was also the case for subject SZ although, as previously noted, the difference between amplitude of the gastrocnemius and soleus muscle groups for this subject are not significantly different for each respective trial. These tests indicate no quantitative dependence – via two-sample t-tests – of muscle activity recorded via EMG amplitude and exercise performed.

Repeatability of Maximal Voluntary Contractions


EMG electrodes were placed on a subject’s gastrocnemius and soleus and the subject was asked to perform straight-toed, isotonic calf raises, one trial of four independent muscle contractions every five minutes for a two-hour data collection period. The average of all of these trials was then subtracted from the average from each independent trial and the resulting values were plotted in a difference plot as a function of time (see Figure 6). Two-sample t-tests indicate that, within a 95% degree of certainty, the initial and final values from this two-hour data-collecting period were not statistically significantly different. This indicates that the effects of fatigue can be disregarded for this analysis.


The difference plot (Figure 6) shows two sets of lines, one set of dashed blue lines corresponding to the standard deviation in the gastrocnemius EMG values, and one set of solid black lines corresponding to the standard deviation in the soleus EMG values. Taking these lines as defining a rough range for reproducibility, there were very few outliers (e.g. 12 % of the gastrocnemius data points). In addition, taking into account the error bars greatly decreases the number of outliers (e.g. to 16 % of the soleus data points). 
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Difference Plot for Unheated Soleus
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Difference Plot for Heated Gastrocnemius
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Difference Plot for Heated Soleus
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This method of evaluating overall repeatability is used in other experiments (9) yielding similar results. It should be noted, however, that the standard deviation of the gastrocnemius data set was significantly larger than that of the soleus (0.3 mV corresponds to, on average, 21 % of the total EMG amplitude for the gastrocnemius, as opposed to 0.1 mV, which corresponds to, on average, 10 % of the total EMG amplitude for the soleus). This, a true test of reproducibility, when compared to reproducibility from other experiments (9) indicates a high correlation between the values obtained from this data set that, in turn, indicates a high degree of reproducibility between independent contractions.

VII. Analysis


Electrode placement is a controversial area in EMG research. Many studies are done devoted solely to determining optimal placement for electrodes (4, 7, 10). Most studies, however, recognize that, given the variability between subjects as well as between maximal contractions for a single subject, the best that can be hoped for is a “general guideline”, and not a definitive placement. As previously stated in the results, a battery of tests have led to the conclusion that the optimal placement for electrodes on the human gastrocnemius for EMG recordings is, for the positive and negative electrodes, on the upper half of the lower leg in a horizontal plane; for the ground electrode, the optimal placement is on the upper third of the lower leg. 


The increase in signal amplitude and improvement in reproducibility are of considerable importance. This is evidenced best by example from the exercise variation data section. Although the data from this section yielded no quantitatively conclusive confirmation of the preeminence of one exercise over any other, qualitatively the Q = - 90 exercises did seem to be the best for the purposes of this lab report – but it should be noted that the data collected for this experiment did not confirm that found in previous reports that isotonic exercises are better for muscle excitation and EMG recording than isometric exercises. However, had the electrodes been placed in a vertical plane, for example, position 1-6 in subject SZ, then the extrapolation of what the results would have been is significantly different: because of the difference in EMG amplitude from placement 1-6 and placement 6-11 for subject SZ (~ 73 %), assuming that there is a linear relationship, all of the EMG values would have been significantly lower. This potential situation would have effected the isometric exercise for subject SZ most dramatically since all of the amplitudes from the isometric exercise were lower (see Figure 5): due to the increased error associated with this different electrode placement, none of the average voltages for any of the EMG voltages would have been statistically significantly different from zero. In addition, had the ground electrode been placed, for example, at the very bottom of subject SZ’s leg instead of at the top (corresponding to the placement represented by the black section of Figure 2 in the lower right-hand corner), then because of the difference in EMG amplitude and the larger amount of cross-talk (assuming the relationship to be linear), the difference between all of the soleus and gastrocnemius measurements would have been negligible (for example, at Q = -90, the difference between the soleus and gastrocnemius amplitudes would have been 3.2 % with an error of 7.6 %). The results which now indicate at least a qualitative meliority of the Q = -90 isotonic exercise over the other exercises would yield no information whatsoever. This dramatically shows the importance of optimizing electrode placement before taking any kind of measurements. It should also be noted that, although the data from the exercise variation tests only yielded qualitative results, this could be due to the small number of subjects (n = 2). If, for example, the subject population of this study been increased to n = 4 and the final average values of all the subjects been the same as between the two subjects SZ and SA, it could have been concluded with 90 % certainty that the Q = - 90 exercise was the optimal exercise for EMG recordings from the gastrocnemius. Had the population size been increased to n = 8, this conclusion could have been made with better than 95 % certainty.


The effects recorded from averaging period as well as applying a filter band stop indicate that these variables are only useful in very precise measurements, or conditions in which EMG amplitudes are extremely low. Previous lab groups have noted the importance of these factors for very small muscles
, however the effects seem to be negligible for larger muscle groups such as the gastrocnemius – although error is decreased at higher sampling rates, comparing these errors with those collected from, for example, reproducibility with time, the errors associated with sampling rates are negligible (< 10 % of the total error). The high reproducibility of maximal contractions is encouraging for future study of this muscle.

VIII. Conclusions and Recommendations for Future Labs

Conclusions:

1. Optimal placement for EMG experimentation on the gastrocnemius:


a. +, - electrodes: top half of the gastrocnemius, horizontal plane


b. ground electrode: top third of the gastrocnemius

2. Optimal exercise for EMG experimentation on the gastrocnemius: qualitatively appears to be Q = - 90 – no quantitatively conclusive evidence

3. Effects of band-stop filtering and sampling rate

a. negligible for larger muscle groups 

b. band-stop filtering appears ineffective at higher sampling rates although error is decreased

Recommendations:

1. An in depth study focused on comparing the effects of band-stop filtering and sampling rate on large muscle groups vs. small muscle groups

2. An in depth study focused on optimal exercise determination for the gastrocnemius as a follow-up to this lab report. This could be accomplished in two ways:


a. Increasing population size


b. Determining effects of fatigue – if performing these exercises with weights in order to fatigue the muscle shows any definitive results in terms of exhausting one muscle group faster than another

3. Changing the manual settings that effect the amplitude of the signal between the electrode system and the amplifier as well as between the amplifier and the program – this was not explored at all in this experiment, however it was suggested afterwards and we believe could be extremely informative for future work (especially with surface muscle electromyography since the EMG amplitudes are so small)
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APPENDED WRITE-UP
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I. Objectives


To determine a crude relationship between muscle temperature and muscle excitation that could be duplicated and followed up upon for a potential sophomore laboratory experiment

II. Specific Aims

To develop a potential sophomore lab involving the study of EMG recordings of the gastrocnemius

To determine a crude relationship between muscle temperature and muscle excitation of the gastrocnemius muscle

III. Background
In previous year, many bioengineering lab groups have developed potential laboratory experiments for underclassmen – most of which involved Biopac.
 Because of the increasing numbers of incoming bioengineers
 the development of new and innovative underclassmen laboratory experiments is essential. The needs of such a potential laboratory experiment, although somewhat obvious, are somewhat challenging: clear organization and readily apparent goals and, in addition, the insurance that, regardless of whether or not the goal is completely met or a null hypothesis is confirmed or rejected, the experiment be educational.

The effects of low temperatures on muscle behavior and performance has been well documented and even explored in the previous projects in the bioengineering lab program in the engineering school
 (1, 3, 4, 5). However, extensive literature searches do not show any evidence of previous exploring of the converse of this relationship on humans, i.e. the effects of increased temperatures on muscle behavior. The objective of this experiment is, then, to determine a crude relationship between muscle temperature and function of the gastrocnemius using information already gathered on optimal settings for maximizing EMG results and thereby to develop a procedure that could be duplicated for a sophomore lab group.

IV. Materials

One heating Pad

Inordinate number of clamps to maintain the position of the heating pad during exercises

V. Procedures
I. Heat Dependence of Muscle Activity


Electrodes will be placed on the gastrocnemius and soleus of both legs of the subject based on results from previous experimentation (if being conducted by a sophomore group, they will, presumably, be referred to “Optimization of Experimental Procedure and Electrode Placement for Gastrocnemius EMG”, T-2, BE-309, 2002). The subject will then have a heating pad wrapped around one of his/her legs and will perform isokinetic,  = 0, exercises every 5 minutes while the heating pad is maintained in place around his/her leg (for an explanation of these exercises, see “Optimization of Experimental Procedure and Electrode Placement for Gastrocnemius EMG”, T-2, BE-309, 2002). The heating pad will be set on a medium setting (5, on the scale which goes from 0 – 10), and the subject will keep the heating pad on for 1 hour. The heating pad will then be removed. The subject will keep the electrodes in place and continue doing exercises at 5-minute intervals for another hour while his/her muscles cool down to room temperature.

V. Results

Muscle Excitation and Heating
EMG electrodes were placed on the gastrocnemius and on the soleus of subject SZ.  The heating pad was placed around the subject’s leg after putting additional tape on the electrodes to insure that the position of the electrodes would not shift during the two-hour testing period. The heating pad was turned on and straight-toed, isotonic calf raises were performed while taking EMG data. One trial (consisting of four maximal contractions) was performed every five minutes starting at t = 0 (corresponding to when the heating pad was initially turned on). 

Each trial, the average of four independent EMG measurements, was then plotted in a two-dimensional plot versus time (see Figure 1B). The tests performed did not indicate any qualitative correlation between heat and muscle excitation of either the gastrocnemius or the soleus. Quantitatively, R2 and chi-squared statistics for either the first 60 minutes or the second 60 minutes did not indicate any trend in the data. As an additional quantitative check for trends, the values of the unheated gastrocnemius and soleus [image: image18.png]


muscles were averaged and this average was taken as a baseline EMG value; these baseline values were subtracted from each of the gastrocnemius and soleus (heated and unheated) EMG values respectively to make a difference plot. Horizontal lines corresponding to the standard error (as a function of reproducibility and inherent error of Biopac equipment) were then drawn on these plots at the appropriate distances from the x-axis at zero (see Appendix: Figures 1AB- 4AB) in order to determine if there were any outliers from these given ranges. Using this approach it was determined that there were only eleven outliers from all four plots, corresponding to only 11 % of the total number of data points. In addition, when taking error bars into account, only 5 % of the total number of data points were outside of this range. It should also be noted that the times corresponding to these outliers do not seem to be related at all. This crude mathematical test, in addition to the R2 and chi-squared tests, indicate that there is no demonstrable relationship between heating and muscle excitation using the techniques described in this report.

VI. Informal Discussion of Conclusions and Recommendations

The effects of muscle temperature on EMG amplitude are not easy to measure – especially when attempting to measure these effects on a relatively large muscle. One of the main difficulties is knowing whether or not the muscle is being effectively heated – since a larger muscle has a more extensive blood supply, and that blood is constantly circulating, the ability to heat a large muscle (such as the gastrocnmeius) in isolation of the rest of the body is controversial at best. This does not mean, however, that measuring the effects of heating is impossible – however it does mean that the inability to measure any EMG effects is inconclusive as to whether there is any effect of heating a muscle on EMG amplitude unless the subject’s entire body is maintained at a significantly higher temperature. It should be noted that increasing the body temperature also has other physiological effects – such as temporary, slight changes of blood pH, changes in ketone levels in the blood, tachycardia, vasodilation, etc… Effects such as tachycardia could, potentially, effect EMG of muscles close to the heart since EMG amplitudes from the heart are typically three orders of magnitude larger than EMG amplitudes recorded from surface muscle electrodes. This could potentially be applicable to a group placing a subject in, for example, a sauna, as a heating system. Since these are physiological factors that could be effected by heating the body, and since heating a large muscle would necessitate heating the blood which would then, in turn, heat the rest of the body, this also means that in any sort of isolation-heating-system (such as a heating pad) a control cannot be measured on the same subject on, for example, another limb, since presumably whatever muscle is being recorded on that limb will also be undergoing the same physiological effects.


There is no reason to believe that the heat affected the electrodes. The Ag-AgCl electrode system used with the Biopac equipment has been used in previous temperature studies (1, 3, 4) and no report has been made that the results of these studies were in any way effected from the electrodes. In addition, had the heat of the heating pad effected the electrodes, it would have been expected that either a systematic effect would have been observed – in which case the trends would have, presumably, remained the same -, or the effect would have been completely random – in which case the data should not have been statistically equivalent to the control data. However, there is no definitive evidence that the electrode system was not affected by increasing the temperature. Consequently, one recommendation for future lab groups is that, prior to conducting any sort of temperature related EMG tests, they test for any sort of quantitative effect of temperature on the electrode system – either systematic or random (for example, when near household appliances, such as a heating pad, it is advised that a 60 Hz band-stop be applied to block out excess background from these appliances).


It should also be noted that increased layers of subcutaneous fat would also make it more difficult to determine effects of heating a muscle since the muscle would heat more slowly. However, before this is studied, further studies could look into the effects of varying thickness of layers on subcutaneous fat on surface muscle electromyography without heating. The thickness of the layers of fat can be measured using a caliper (similar to caliper body-fat tests). The results from a study such as this could then be compared to (or done in conjunction with) a study done simply to determine the resistance of fat as a function of thickness (outside the body). Other things that could also be studied include the ability to reuse electrodes – this could have major implications in determining electrode placement, since these studies often use very large numbers of electrodes – as well as inherent error between electrodes.
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Figure 1A: 

Optimal Electrode Placement - Two Subjects

Primary Electrode Placement

Normalized Average Voltage (%)

Distance Between Electrodes


Figure 1. Relative EMG amplitudes for two subjects. For each electrode position the highest amplitude obtained during calf raises is shown as a percentage of the overall highest amplitude for that subject. Lighter colors indicate higher EMG amplitude %. Error calculations are not shown but are based on inherent variability and error in the Biopac hardware and software as well as the subject’s ability to reproduce a contraction in terms of EMG amplitude). No clear trend with either of the subjects can be seen with regard to distance between electrodes or primary electrode placement. Each part of this topographical map is an average of four independent measurements for that subject with all external variables remaining constant. More detailed, two-dimensional graphs showing relationship between EMG voltage and Distance between electrodes or Primary Electrode Placement for each subject as well as a three-dimensional scatter-plot for both subjects can be seen in the Appendix (see Appendix: Figures 1A and 1Aa - 4Aa). The two dimensional graphs include error bars.
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Figure 3. Band stop filtering and sample rate variation. Each column is an average of five trials, i.e. 20 independent muscle contractions. Y-error bars are based only on deviation between the independent contractions. T-tests confirmed that, when the average amplitudes for each different condition were averaged (such that there was only one average for each condition) and further weighted for different population sizes, the first set of conditions on the left (200 Samples per minute with a filtration band-stop applied) was, with a 95 % degree of certainty, significantly different from all the other data sets. The other three data sets were not – according to two-sample T tests – statistically significantly different from one another.





Pictures 3A-4A: Soleus Electrode Placement
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Picture 1A. The gastrocnmeius originates in two branches, the medial and lateral heads. The medial head originates from the posterior nonarticular surface of medial femoral condyle; the lateral head originates from the lateral surface of femoral lateral condyle. The two heads unite into a broad aponeurosis, which eventually unites with the deep tendon of the soleus to form the Achilles tendon. 





Picture 1A: Gastrocnemius Anatomy
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Figure 2: Optimal Ground Electrode Placement – Two Subjects





Figure 2. Relative EMG amplitudes for two subjects. For each electrode position the highest amplitude obtained during calf raises is used to normalize amplitudes from the gastrocnemius and the soleus respectively. Tibialis muscle amplitudes were factored into the soleus muscle amplitudes because they were so low for these trials. The normalized soleus amplitude is then subtracted from the gastrocnemius amplitude to give a final EMG percent, which is graphed as a topographical, two-dimensional representation with lighter colors corresponding to higher EMG percent values. Error calculations are not shown but are based on inherent variability and error in the Biopac hardware and software as well as the subject’s ability to reproduce a contraction in terms of EMG amplitude). No clear trend with either of the subjects can be seen with regard to distance from recommended literature placement or distance from +, - electrodes. Each part of this topographical map is an average of four independent measurements for that subject with all external variables remaining constant. More detailed, two-dimensional graphs showing relationship between EMG voltage and Distance from recommended placement or +, - Electrode Placement for each subject as well as a three-dimensional scatter-plot for both subjects can be seen in the Appendix (see Appendix: Figures 2A and 5Aa - 8Aa). The two dimensional graphs include error bars.








Figure 5. Different Muscle EMG amplitudes for two subjects from four different exercises. Each amplitude shown is an average of 16 independent measurements. When these independent groups of measurements were plotted separately, there was no statistically significant decrease in the voltages that would have indicated fatigue. In addition, the first and last measurements of 97 % of the groups of data were, within a 95 % degree of certainty, not different by a statistically significant amount (which result would not have been expected had the subjects been fatigued). Error bars are based on standard error between measurements. 
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Ground D





Figure 4. Inherent error associated with different conditions (band-stop filtering and sample rate variation). The value averaged is the standard error within the EMG amplitude (instead of between EMG amplitudes). These standard error values were converted from percents into values with units of millivolts in order to normalize them. The values were then averaged and the Y-error bars are based on standard deviation between these values.  Each column is an average of values from five trials, i.e. 20 independent muscle contractions. T-tests confirmed that, when the average errors for each different condition were averaged (such that there was only one average for each condition) and further weighted for different population sizes, the first set of conditions on the left (200 Samples per minute with a filtration band-stop applied) was, with a 95 % degree of certainty, significantly different from all the other data sets. This was also true of the 200 samples per minute no filtration band-stop applied data set. The other two data sets (the two 2000 samples per minute data sets) were not – according to two-sample T tests – significantly different from one another.
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Figure 6. Repeatability of Maximal Voluntary Contractions. Each data point shown is from a single trial, i.e. four independent contractions. Blue circles correspond to average EMG amplitude taken from the gastrocnemius, black squares to data from the soleus. The data was normalized by subtracting the average EMG value from the two-hour data collection period and plotted here as a difference plot. The solid black line corresponds to the standard deviation of this average value for the soleus; the dashed blue line corresponds to the standard deviation of the average value from the gastrocnemius. Two-sample t-tests indicate that, within a 95 % degree of certainty, the first and last values from this two-hour data collecting period were not statistically significantly different. This indicates that the effects of fatigue were, if present, minimal. Y-error bars are based on inherent variability in the Biopac equipment as well as the standard deviation of each trial.
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Picture 2A: +, - Gastrocnemius Placement
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Picture 2A. See Procedures section I. See also Results section +, - Electrode Placement. Electrodes were placed in parallel lines down the gastrocnemius. Every possible combination of electrodes was systematically tested and recorded.
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Picture 3A-4A. See Results section Ground Electrode Placement. 
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Picture 5A. See Results Section Ground Electrode Placement.
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Picture 5A: Ground Electrode Placement Variation
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Picture 6A. See Results Section Exercise Variation.





Picture 7A: Isotonic Exercise





Picture 7A. See Results Section Exercise Variation.





Pictures 8A – 10A: Exercise Feet Angles





Pictures 8A – 10A. See Results Section Exercise Variation.





Figure 1B. Relationship between Heat and EMG amplitude. The break in the x-axis corresponds to t = 60 minutes, at which point the heating pad was removed. Trials were continued for the following 60 minutes in order to collect additional error data as well as to function as an additional control population. Each point is an average of four independent contractions. Error bars are based on a combination of inherent variation in the Biopac equipment as well as standard deviation from the four independent contractions. More detailed, corrected graphs (correction procedure as defined in the results section) can be seen in the Appendix (see Appendix: Figures 1AB-4AB). Quantitative analysis was based off of these more detailed graphs in the appendix. The graph above shows that, qualitatively, there does not seem to be any relationship between muscle excitation (as interpreted through EMG amplitude) or subject’s ability to control maximum contraction (as interpreted through reproducibility) and heating. In addition, statistical tests showed that, comparing the four initial values and the four final values (when corrected for standard deviation), 100 % of these values were, with 95 % degree of certainty, identical. This indicates that the effects of fatigue, if there were any, were minimal. When the values were not corrected for standard deviation, 75 % were, with a 95 % degree of certainty, identical. The remaining 25 % were identical with a 90 % degree of certainty.





Picture 1AB: Heating Pad





Picture 1AB. See Procedures Section I.








� For a picture of this muscle see Appendix: Picture 1A


� Cf. “EMG of Lower Leg Muscles During Steady Walking”, W-3, BE 210, 2001. Cf. also “Force Development in Posterior Superficial Leg Muscle; Guidelines for Rehabilitation of Gastrocnemius”, T-3, BE 309, 2000.


� For previous groups that have experimented with filtering techniques, Cf. “Evaluation of the Characteristic EMG Patterns for Mastication & Deglutition”, R-2, BE 210, 2002.


� For more detailed explanations of these exercises, see Procedures: III. A.


� For more detailed explanations of these exercises, see Procedures: III. B.


� A materials section is not included in this report because no materials that were not explicitly given in the BE lab manual (i.e. Biopac software and associated hardware and electrodes) were used.


� Cf. “EMG of Lower Leg Muscles During Steady Walking”, W-3, BE 210, 2001.


� See Appendix: Picture 2A for picture of electrode configurations.


� These studies were further complicated by the high variability in the trapezius muscle between subjects. The trapezius remains one of the least well-defined muscles in physiology today, and its exact position is still debated (11).


� See Appendix: Picture 3A-4A for picture of electrode configurations.


� See Appendix: Picture 5A for picture of ground electrode configurations.


�  = 90 is defined as heels touching, with the toes facing outward at 90 degrees,  = 0 is defined as feet parallel, and  = - 90 is defined as toes touching, with the heels facing outward at 90 degrees. See Appendix: Pictures 8A-10A.


� This technique is recommended (17).


� Cf. “Evaluation of the Characteristic EMG Patterns for Mastication & Deglutition”, R-2, BE-210, 2002.


� Cf. “Design A Freshman Physiology Lab Experiment on the Cardiovascular System”, T-3, BE-309, 2001. Cf. also “FRESHMAN LAB PHYSIOLOGY EXPERIMENT FOR EEG MEASUREMENT”, T-4, BE-309, 2001. For an example of a lab developed for underclassmen that was not designed for Biopac, cf. “Freshman Lab Experiment for Protein Molecular Weight Determination by Gel  Exclusion Chromatography”, M-3, BE-309, 2001.


� As evidenced by BE 310 being offered only one day of the week such that BE 210 can be offered three days.


� Cf. “Influence of Muscle Temperature on Motor Unit Recruitment and Fatigue Time of the First Dorsal Interosseous Muscle in Man”, T-1, BE-309, 2000. Cf. also “Temperature Sensitivity of the First Dorsal Interosseous Muscle”, R-3, BE-210, 2001.


� See Appendix: Picture 1AB.
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