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Summary of Project Conclusions


The EMG activity in two major muscles of the lower leg – gastrocnemius and soleus- was studied as a function of speed and grade during normal human walking. Integrated EMG data recorded using BioPac Pro software was analyzed using Multiple Linear Regression techniques to determine a relationship between %RVC (percent reference voluntary contraction); and subject, speed and grade, given by the following equation: % RVC = b0 + b1*Subject + b2*Grade (slope) + b3*Speed (mph). The equation for the gastrocnemius was: % RVC = -14.52+/-14.79 + -6.325+/-2.202*Subject + 9.236+/-1.061*Grade (slope) + 40.29+/-3.875*Speed (mph) and for the soleus was: % RVC = 12.03+/-9.321+ -9.149+/-1.388*Subject + 2.747+/-0.669*Grade (slope) + 40.49+/-2.442*Speed (mph). The coefficients b1 for the gastrocnemius and soleus muscles were significantly different from zero, indicating that subject as a variable had a significant influence on the data. The values for b2 were positive and significantly different from zero, indicating that grade had a positive influence on EMG activity in both muscles during walking. Also, b2 for the gastrocnemius was higher than for the soleus, which indicates that the slope more significantly affects the EMG activity of the gastrocnemius than that of the soleus. The b3 values were also positive and different from zero, indicating that EMG activity increased with increasing speed for both muscles. The b2 values for the gastrocnemius and soleus muscles were not significantly different; therefore, they were both influenced equally by increased speed. A significant difference in time at peak activity for the gastrocnemius and soleus as a percentage of total stride time was not established.

Objectives

The goal of this experiment was to examine the electrical signals of the gastrocnemius muscle and the soleus muscle during normal human walking using surface electromyography (EMG). The experiment was designed to examine the effects of different walking conditions, specifically, speed and grade, on the EMG signals of the gastrocnemius and soleus. 

It was hypothesized that the surface EMG would produce accurate signals from the soleus and gastrocnemius. These signals were expected to peak at the same time during a stride, which would indicate that the muscles acted simultaneously during normal human walking.
The experiment also aimed to determine quantitatively, the effect of walking speed, at speeds of 1.7, 2.7, and 3.7 mph; and elevation, at 3.2% and 9.2% elevation grade, on muscle recruitment during walking. It was hypothesized that peak IEMG amplitude would positively increase as a function of speed and grade for both the gastrocnemius and soleus.

Background

Biological: 

The gastrocnemius and soleus form a tripartite muscle, the tricepus surae, which forms the prominence of the calf and are connected to the Achilles tendon. These muscles raise the heel against the weight of the body, for example, in walking, dancing, and standing on the toes.  

The gastrocnemius is the largest and most prominent of the two muscles. It is a two-headed, two-joint muscle, and its medial head is slightly larger and extends more distally than its lateral head. The gastrocnemius helps steady the legs and is active during standing, even when the leg is not moving or walking. The soleus muscle is a broad, flat, fleshy multipennate muscle. It proximally covers two-thirds of posterior surfaces of tibia and fibula, and directs the downward motion of the foot. The soleus acts with the gastrocnemius in plantar flexing of the ankle, but does not act on the knee joint. (Moore)

The soleus and the gastrocnemius muscles contribute equally to plantar flexion when the knee is extended at 180(.  The gastrocnemius contribution during plantar flexion is almost nonexistent when the knee is bent at 90(, but it plays a large role during locomotion (i.e. running and walking) when the knee is almost completely extended (Moore).

Previous Literature:
A prior study published in the journal of Rehabilitation Research examined the gastrocnemius and soleus muscles and drew conclusions about their activities as a function of speed. It concluded that the relative amplitudes of maximum EMG activity within a normal stride increased with increasing walking speed (Shiavi) Another study conducted on human subjects, by Leroux et al., reported an increase in the peak amplitude EMG activity of the soleus and the gastrocnemius during uphill walking. It was also observed that the time of peak activity for the gastrocnemius and the soleus are the same (Leroux).
Theory and Methods of Calculations


MS Excel with an Essential Regression add-on was used to analyze the data. Multiple linear regression analysis was performed to obtain two first-order equations relating the EMG readings for both the gastrocnemius and the soleus muscles to the independent variables, subject, speed, and grade. The coefficients of each of the variable in the equation give information about their influence on the dependent variable.

Methods and Materials

Experimental trials were performed using BIOPAC Student Lab Pro Software (BIOPAC Systems, Inc.; Santa Barbara, CA) with a program written to measure two EMG signals. BIOPAC SS2L electrodes, leads and model MP30 signal conditioner were used to conduct and filter the signal.  

Electrodes were connected on the right leg to the skin overlying the gastrocnemius muscle in a triangular orientation (negative – upper medial head, ground – back of upper thigh, positive – upper lateral head) and on the soleus muscle in a triangular orientation (negative – lower lateral head, ground – back of upper thigh, positive – upper lateral head) (see appendix for placement). 

To reduce noise, Integrated EMG readings were compared rather than Raw EMG readings. For each stride, the maximum Integrated EMG value measured for both the gastrocnemius and the soleus muscles represented the peak amount of muscle activity for each muscle during the stride. These values were divided by reference Integrated EMG values to get measurements in terms of %RVC, percent reference voluntary contraction. The reference Integrated EMG measurement used was peak Integrated EMG during steady walking at a grade of 3.3% and a speed of 2.7mph.

Subjects participated in the experimental grade and speed trials with IEMG, speed, grade and trial time data taken for the right leg. Subjects were walked on the ProLine treadmill at 1.7, 2.7 and 3.7mph for 30 seconds at each speed at a minimum incline of 1.84° (3.3% grade).  Subjects were then walked at 1.7, 2.7 and 3.7mph for 30 seconds at a maximum incline of 5.11° (9.2% grade). The maximum IEMG values for each stride were recorded for both grades at all speeds.


To determine the time difference between the peak IEMG activity for the gastrocnemius and the soleus, subjects were walked on the treadmill at a constant speed of 2.7 mph and grade of 3.3% for 30 seconds. Maximum IEMG values for each muscle vs. time were observed. 

Analysis of Variance (ANOVA) was carried out to determine which of the variables mentioned were significant for the EMG generated in the gastrocnemius and the soleus as described above.
Results

MS Excel Essential Regression was used to obtain a linear equation describing all data collected for IEMG as a function of speed, grade and subject. 

% RVC = b0 + b1*Subject + b2*Grade (slope) + b3*Speed (mph)              Equation 1
	
	Gastrocnemius
	Soleus

	b0
	-14.52+/-14.79
	12.03+/-9.321

	b1
	-6.325+/-2.202
	-9.149+/-1.388

	b2
	9.236+/-1.061
	2.747+/-0.669

	b3
	40.29+/-3.875
	40.49+/-2.442


Table 1: Coefficients of Equation 1
Table 1 shows the coefficients (95% confidence) for Equation 1 using a multiple linear regression analysis package for MS Excel. Full ANOVA tables are in the appendix. Both values for b1 are significantly different from 0. This means that one general equation relating gastrocnemius muscle activity and soleus muscle activity to grade and speed of steady walking, independent of the subject tested, could not be found. The b2 value is significantly greater for the gastrocnemius than for the soleus. The b3 value for the gastrocnemius and soleus are not significantly different.
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Figure 1: Difference in Peak Activity Between Muscles as a Percentage of Stride Time 
Figure 1 shows the amount of time that each subject’s gastrocnemius peak IEMG measurement occurred before his or her soleus peak IEMG measurement occurred as a percentage of total stride time (95% confidence). The measurements were taken during steady walking at a grade of 3.3% and a speed of 2.7mph. In three of the subjects, the gastrocnemius acted 5% of the total stride time before the soleus. In two of the subjects, the gastrocnemius and soleus acted at the same time, due to the fact that the time difference was not significantly different from zero.
Discussion

Table 1 shows that b1 is significantly different from zero for both muscles. Thus, the subject variable significantly affects the EMG readings and subject could not be eliminated from the equation. Development of a universal equation relating muscle activity to speed and grade of walking regardless of subject would have been ideal. However, the protocol of this experiment including a calibration was unable to accomplish this.


Figure 1 also suggests that people use their muscles differently during steady walking. It was assumed that even if the peak muscle activity measurements were different between subjects, the timing of the muscles during a normal stride would remain the same. A previous study observed the activity of the gastrocnemius and soleus as well as many other leg muscles during steady walking. In this study, it was determined that during an average stride, where the beginning of the stride occurs when the heel strikes the ground, the peak gastrocnemius and soleus activity occurred at the same point of the total stride (Leroux et al.). However, accurate measurement of the time of heel strike was not possible and thus, so was measurement of the peak muscle activity time as a percentage of the total stride time. As a result, the time between gastrocnemius peak activity and soleus peak activity, as a percentage of the total stride time, was calculated and measured as the average time difference between two IEMG peaks. Figure 1 shows that three of the subjects showed a time difference of 5%, while two subjects showed no significant difference in the time of peak muscle activity between the gastrocnemius and the soleus. Therefore, the hypothesis that all subjects would not experience a time difference of peak activity between the gastrocnemius and soleus was neither proved, nor disproved. The data suggested that people do not use the exact same mechanics during steady walking.


Table 1 shows that the grade coefficient, b2, is greater for the gastrocnemius, 9.236+/-1.061 (95% confidence), than the soleus, 2.747+/-0.669 (95% confidence). Both coefficients are positive, which is expected since walking at a steeper grade will require more work and thus increased muscle activity. Also, b2 for the gastrocnemius is significantly greater than b2 for the soleus. This means that the grade of steady walking influences the gastrocnemius more than the soleus. As the grade increases, gastrocnemius activity increases more than soleus activity.


The speed coefficient in Table 1, b3, for the gastrocnemius, 40.29+/-3.875 (95% confidence), and the soleus, 40.49+/-2.442 (95% confidence), are not significantly different. Both coefficients are positive, which is expected since walking at a faster speed will require more work and thus increased muscle activity. Since b3 for both the gastrocnemius and the soleus are not significantly different, increased speed of steady walking influences both muscles equally.

Future Recommendations:


Subject appeared to have a significant influence on EMG measurements, possibly due to such differences as stride length, foot length, weight, and walking style. Ideally, we would find a way to completely eliminate subject as a variable. One suggestion for reducing the influence of subject on EMG readings is to use cadence instead of speed as a variable. Using cadence (a measure of steps taken per unit time) as opposed to speed ensures that each subject takes an equal number of steps in some amount of time and therefore has the same stride length, eliminating this as a hidden variable. A prior study used cadence in order to account for differences in subject stride length because a given walking speed requires different levels of exertion for subjects with different stride lengths (Yang).

 
Another possible variation on this experiment would be to examine the gastrocnemius, and tibialis anterior muscle instead of the soleus. These two muscles have been shown to act at significantly different times during a normal stride, with the tibialis contributing to plantar flexion during touch down of the heel, and the gastrocnemius contributing to dorsiflexion during toe-up (Nilsson). This experiment would most likely produce conclusive information about the time of peak activity of the muscles during a stride, and would also allow an examination of EMG activity as a function of grade and speed.

Conclusions

1. EMG data taken for the gastrocnemius and soleus muscles in five subjects walking at three speeds and two grades was analyzed using Multiple Linear Regression to obtain an equation relating all independent variables to %RVC, the dependent variable.

   Gastrocnemius: % RVC = -14.52+/-14.79 + -6.325+/-2.202*Subject + 9.236+/-1.061*Grade (slope) + 40.29+/-3.875*Speed (mph)

   Soleus: % RVC = 12.03+/-9.321+ -9.149+/-1.388*Subject + 2.747+/-0.669*Grade (slope) + 40.49+/-2.442*Speed (mph)

2. The calibration procedure used to normalize the data was not sufficient to remove subject as a variable from the above equation, therefore, it was concluded that subject had a significant effect on muscle activity of the gastrocnemius and soleus muscles during walking at different speeds and grades.

3. The examination of the difference in time at peak IEMG activity for the gastrocnemius and soleus muscles was inconclusive. The data did not indicate whether this time difference between muscles was significant, but did support the idea that subjects use their muscles differently during a typical stride.

4. It was also concluded that EMG activity increased equally with increasing speed for both the gastrocnemius and soleus muscles. In addition, EMG activity increased more significantly with increasing grade for the gastrocnemius than for the soleus.
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Appendix

Multiple Linear Regression Statistics for the Gastrocnemius.

	Summary
	
	
	
	
	
	

	|R|
	0.678
	
	
	
	
	
	

	R2
	0.460
	
	
	
	
	
	

	R2 adjusted
	0.458
	
	
	
	
	
	

	Standard Error
	46.73
	
	
	
	
	
	

	# Points
	860
	
	
	
	
	
	

	PRESS
	1886808.36
	
	
	
	
	
	

	R2 for Prediction
	0.455
	
	
	
	
	
	

	Durbin-Watson d
	0.929
	
	
	
	
	
	

	First Order Autocorrelation
	0.533
	
	
	
	
	
	

	Collinearity
	1.000
	
	
	
	
	
	

	Coefficient of Variation
	34.071
	
	
	
	
	
	

	Precision Index
	73.761
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	ANOVA
	
	
	
	
	
	
	

	Source
	SS
	SS%
	MS
	F
	F Signif
	df
	

	Regression
	1.593e06
	46
	531122
	243.17
	4.225e-114
	3
	

	Residual
	1.870e06
	54
	2184.1
	
	
	856
	

	  LOF Error
	1.026e06
	30  (55)
	39460.3
	38.8219
	1.905e-124
	26
	

	  Pure Error
	843649
	24  (45)
	1016.4
	
	
	830
	

	Total
	3.463e06
	100
	
	
	
	859
	

	
	
	
	
	
	
	
	

	%_RVC = b0 + b1*Person + b2*Grade + b3*Speed

	
	
	P value
	Std Error
	-95%
	95%
	t Stat
	VIF

	b0
	-14.52
	0.05427
	7.534
	-29.31
	0.267
	-1.927
	

	b1
	-6.325
	2.337e-08
	1.122
	-8.527
	-4.123
	-5.638
	1.000

	b2
	9.236
	1.433e-56
	0.540
	8.175
	10.30
	17.09
	1.000

	b3
	40.29
	9.088e-76
	1.974
	36.42
	44.17
	20.41
	1.000


Multiple Linear Regression Statistics for the Soleus.

	Summary
	
	
	
	
	
	

	|R|
	0.774
	
	
	
	
	
	

	R2
	0.599
	
	
	
	
	
	

	R2 adjusted
	0.598
	
	
	
	
	
	

	Standard Error
	29.46
	
	
	
	
	
	

	# Points
	860
	
	
	
	
	
	

	PRESS
	750029.14
	
	
	
	
	
	

	R2 for Prediction
	0.595
	
	
	
	
	
	

	Durbin-Watson d
	1.541
	
	
	
	
	
	

	First Order Autocorrelation
	0.229
	
	
	
	
	
	

	Collinearity
	1.000
	
	
	
	
	
	

	Coefficient of Variation
	25.701
	
	
	
	
	
	

	Precision Index
	76.224
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	ANOVA
	
	
	
	
	
	
	

	Source
	SS
	SS%
	MS
	F
	F Signif
	df
	

	Regression
	1.109e06
	60
	369832
	426.18
	2.595e-169
	3
	

	Residual
	742824
	40
	867.78
	
	
	856
	

	  LOF Error
	193110
	10  (26)
	7427.3
	11.2143
	3.732e-39
	26
	

	  Pure Error
	549714
	30  (74)
	662.31
	
	
	830
	

	Total
	1.852e06
	100
	
	
	
	859
	

	
	
	
	
	
	
	
	

	%_RVC = b0 + b1*Person + b2*Grade + b3*Speed

	
	
	P value
	Std Error
	-95%
	95%
	t Stat
	VIF

	b0
	12.03
	0.01150
	4.749
	2.706
	21.35
	2.533
	

	b1
	-9.149
	4.212e-35
	0.707
	-10.54
	-7.761
	-12.94
	1.000

	b2
	2.747
	2.480e-15
	0.341
	2.078
	3.415
	8.064
	1.000

	b3
	40.49
	8.011e-152
	1.244
	38.05
	42.93
	32.54
	1.000
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