The effect of fatigue and heavy load on surface
EMG variables during dynamic contraction
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ABSTRACT

Spectral surface electromyographic changes in the lower extremity muscles during
dynamic contractions were studied to investigate the discrimination between fatiguing tasks
and heavy load tasks. Twenty-six young female volunteers (15 for the fatigue task, 11 for
the heavy load task) performed either a repetitive standing exercise until fatigued with the
2 sec rhythm, or an exercise repeated five times while carrying a weight of 20 kg with
the 4 sec rhythm, which was so heavy that there was the possibility of the subjects falling
over during the task. Electromyographic activity was recorded from the vastus lateralis, the
long head of the biceps femoris, the tibialis anterior, and the lateral head of the
gastrocnemius. Mean frequency (MNF) and median frequency (MDF) were analyzed using
a wavelet transform, and the root mean square (RMS) of the electromyogram was calcu-
lated. Fatigue tasks reduced both MNF and MDF in the vastus lateralis, tibialis anterior,
and gastrocnemius muscles, mainly at the beginning and end of muscle contractions.
Compared with no load exercise without fatigue, heavy load tasks markedly increased RMS
in all four muscles, with no alteration in MNF and MDF patterns. These results suggest
that MNF and MDF are spectral parameters that are reduced by muscle fatigue but not by

heavy load during dynamic contractions.
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Introduction

Fatigue during isometric contraction has frequently
been studied using surface electromyography (EMG).
It is commonly known that mean frequency (MNF)
and median frequency (MDF) decrease while the root
mean square (RMS) increases as a result of fatigue

1-3) If static contraction

during voluntary contraction
is performed at stable torque, the algorithm of calcu-
lation for spectral parameters can be based on the
Fourier transform. However, the majority of contrac-
tions during motion in our daily lives are dynamic
contractions and new methods are therefore needed
for evaluating fatigue or difficulty continuing motion
in such dynamic tasks.

Recently, continuous wavelet transform has been

reported as providing better accuracy in analyzing the
power spectrum from surface EMG during dynamic
contraction® ®’. Wakeling et al”’. showed a signifi-
cant reduction in EMG intensity at low frequencies
and a significant increase at high frequencies in the
muscles of the lower extremities after 30 min of
running. These findings are different from those with
static fatigue contractions. Karlsson et al’’. showed a
significant positive correlation between MNF and
force in knee extensors without fatigue, although
another investigator reported increased amplitude in
the lower frequency band during jumping in an
altered gravity environment®’. These reports, however,
examined either fatigued or loaded conditions; the
difference in response in spectral parameters accord-
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Table 1 Profiles of subjects in the two tasks

age (y)  height (cm) weight (kg) number
fatigue task 21.9+0.2 1585+1.7 50.3+1.4 15
heavy load task 21.6+0.4 158.4+1.4 52.3+1.5 11

Values are mean + SE.

ing to conditions during dynamic contractions remains
obscure.

The aim of the present study was to investigate the
discrimination in spectral EMG changes between
fatiguing tasks and heavy load tasks using wavelet
transform. We examined a repetitive standing and
sitting exercise for both kinds of tasks.

Methods

Subjects

Twenty-six  healthy, students
volunteered to participate in the present study. Their

sedentary female

profiles are ‘'shown in Table 1. Fifteen subjects
completed the fatigue task and 11 subjects completed
the heavy load task. Each subject gave informed
consent to be studied.

Exercise protocol

For the fatigue task, the subjects sat on a stool 40
cm in height with their heels 10 cm from the front
edge of the stool as the starting position. They were
asked to stand up for 1 sec and sit down for 1 sec
following a synthesized 1 Hz sound, and to repeat the
exercise until they felt fatigue or difficulty continuing.
Twelve stopped when they felt fatigue and three
stopped when they felt unable to continue the motion.
The EMG data for the initial five repetitions and the
final five repetitions served for analysis of the effects
of fatigue.

For the heavy load task, subjects sat on the same
stool as used in the fatigue task, in the same starting
position. The load was a 20 kg weight held around
the trunk with a harness from the shoulders and fixed
with a waist band to prevent slipping. Because this
load was too heavy to repeat the exercise with the 1
Hz rhythm used in the fatigue task, subjects were

asked to stand for 2 sec and sit for 2 sec. To avoid
the effects of fatigue®”, they performed the exercise
five times without the load, and then performed the
exercise five more times with the load. These EMG
data were analyzed for the effects of heavy load.

Surface electromyography

During the exercises, EMG signals were recorded
continuously. Signals were obtained from the right
vastus lateralis, the long head of the biceps femoris,
the tibialis anterior, and the lateral head of the
gastrocnemius. The skin was rubbed with a skin
preparation gel (SkinPure, Nihon Kohden, Japan) to
clean the sites for the electrodes. The bipolar dispos-
able Ag/AgCl disc electrodes (Blue sensor M-00-S,
Medicotest, Denmark) were attached parallel to the
muscle fibers on the longitudinal midline of the
muscle bellies with a center-to-center distance of 30
mn. The EMG signals were detected by the Holter
EMG system (ME3000P, Mega Electronics, Finland)
with differential amplifiers and 12-bit analog/digital
conversion at a sampling rate of 1000 Hz. The range
of band pass filtering was 8-500 Hz.

Data analysis was performed off-line using a per-
sonal computer (Prosignia Notebook 190, Compagq,
USA). Because the sampling rate of the EMG signals
was 1000 Hz, the frequency band up to 500 Hz by
wavelet transform was divided into 512 (=2°), about
half the number of the sampling rate. Values of
MNF, MDF, and RMS were extracted every 0.064
(=2°E-3) sec from analyzed data to set the data time
points; hence, one repetition for the fatigue task was
about 31 points of data every 2 sec, and for the
heavy load task about 62 points every 4 sec. As
shown in Figure 1, representing sample EMG signals
from the vastus lateralis muscle, the spectrogram and
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Fig. 1.

Time

Surface EMG signals, RMS, MNF, MDF, and power spectrogram by wavelet transform

of the vastus lateralis muscle in one subject during the initial five repetitions of the
fatigue task. In the spectrogram, the time width of band is 0.064 sec and the frequency
up to 500 Hz is divided into 512 bands. Intensity of frequency is shown black by tone;
a solid black band represents the high intensity of frequency, while a light grey band
represents the low intensity of frequency during the analyzed period.

RMS varied in each repetition. At first, we selected
the starting time point of a repetition when the RMS
value of the vastus lateralis muscle began to increase
in the standing motion. Therefore, there were 31 data
time points in the fatigue task in one repetition.
However, in the heavy load task, because of the
longer time cycle, the identified starting time point
did not appear punctually every 4 sec. Because the

_3_

pumber of time points in one repetition, that is, from
the starting time point to the next starting point,
varied among trials, a minimum number of time
the
Consequently, the number of data time points in the

points was employed for data analyses.
heavy load task was reduced to 57. Then, the five-
repetition values from EMG signals at each data time

point were averaged.
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Statistics

In the fatigue task, RMS values in each muscle
were normalized by the largest RMS value during the
initial repetition exercise for quantitative analysis of
activity. In the heavy load task, RMS values were
also normalized by the largest RMS value during the
exercise without load. The normalized RMS, the
MNF, and the MDF were each statistically compared
using ANOVA between the initial and the final repe-
titions in the fatigue task and between no-load and
loaded conditions in the heavy load task. As a post
hoc test, the Bonferroni-Dunn method was used at
each data point between nonfatigue and fatigue values
or between no-load and loaded values. P<0.05 was
considered significant in the statistical tests.

Results

Fatigue task

The normalized RMS in the vastus lateralis, biceps
femoris, and tibialis anterior muscles showed two
peaks, corresponding to muscle contractions during
standing and sitting (Fig. 2). These peaks in the
biceps femoris and tibialis anterior muscles were
significantly reduced by fatigue. In the gastrocnemius
muscle, continuous activity was shown during the
period between the peaks made by the other muscles,
and there was no statistical difference between the
fatigue and nonfatigue conditions in the normalized
RMS.

Changes in patterns of MNF and MDF appeared to
be similar for the four muscles. Most of the signifi-
cant reductions in both MNF and MDF by fatigue
were seen during the periods when there was no peak
of the normalized RMS, that is, at the beginning and
end of muscle contractions. These reductions were
clearly shown in the vastus lateralis, tibialis anterior,
and gastrocnemius muscles, but not in the biceps
femoris muscle.

Heavy load task

During exercise with the heavy load added, the
normalized RMS in the four muscles significantly
increased from the values of the no-load condition
(Fig. 3). The normalized RMS pattern of two peaks
in the vastus lateralis, biceps femoris, and tibialis

anterior muscles, and the continuous contraction

Vastus lateralis
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Fig. 2. Mean values of surface EMG parameters in
15 subjects during the fatigue task. The
interval of time points is 0.064 sec. The solid
line represents the initial repetition values of
MNF (@), MDF (QO), and normalized RMS
({0), and the broken line represents the final
repetition values. The vertical line between
the initial and final values shows significant
difference by Bonferroni-Dunn method after
ANOVA (p<0.05).

pattern in the gastrocnemius muscle were similar to
that in the fatigue task. In the MNF and MDF data
analyses, there were a few data points which showed
significant reduction by heavy load compared with the
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Fig. 8. Mean values of surface EMG parameters in

11 subjects during the heavy load task. The
interval of time points is 0.064 sec. The solid
line represents the no-load repetition values
of MNF (@), MDF (Q), and normalized RMS
(1), and the broken line represents the
heavy load repetition values. The vertical line
between the no-load and heavy load values
shows a significant difference by Bonferroni-
Dunn method after ANOVA (p<0.05).

in MNF and
MDF were seen at the end of the biceps femoris
the
gastrocnemius muscle contraction. However, the data
points showing reductions in MNF and MDF from

no-load condition. These reductions

muscle contraction and beginning of the

the no-load condition during the heavy load task were
very scattered compared with reductions from the

nonfatigue condition during the fatigue task.

Discussion
Repetitive exercises such as isokinetic knee exten-
sion and running have been applied in the study of

muscle 70

fatigue during dynamic contractions
Because the purpose of the present study was to
examine the in EMG
between fatigue and heavy load tasks, the subjects
performed the same repetitive exercise of standing

and sitting.

discrimination in changes

Investigators have previously reported on the effects
of either fatigue or load on EMG results. For exam-
ple, a repetitive knee extension exercise reduced MNF
or MDF in the vastus

,10—-13)

lateralis muscle during

fatigue® A repetitive elbow flexion-extension
task with a weight showed greater MNF reduction at
shorter muscle lengths by fatigue accompanied by an
increase in muscle activity”. The MNF and MDF in
the shoulder muscles were also reduced from the
nonfatigue condition during dynamic contractions™.
However, a study of running for 30 min showed
reductions in intensity of low-frequency components
of EMG signals and increases in intensity of high-
frequency components compared with levels in the
initial period of running”’, while a study on back
muscles during cyclical lifting showed a nonlinear
decrease in MDF™.

The present study showed that the fatigue condition
reduced values in spectral parameters compared with
the nonfatigue condition, and the reductions in MNF
and MDF appeared to occur when there was no peak
of RMS for each muscle. These results suggest that
muscle contractions during peak periods of RMS are
performed mainly by type 2 muscle fibers; however
under the fatigue condition, type 1 fibers are recruited
to contract or the number of contracting type 2 fibers
is simply reduced, so there is no peak of RMS.
Therefore, when type 2 fibers cannot contract suffi-
ciently for the fast contraction during peak periods of
RMS, the subjects cannot stand up any more or
follow the 1 Hz rhythm. Morphological studies show-
ing that the MNF negatively correlated with the area
and proportion of type 1 fibers™ ™™ during the state
of fatigue supports that a large proportion of contract-
ing type 1 fibers reduces the MNF compared with the
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A Bicepsfemoris
O Gastrocnemius
X Tiblalis anterlor
O Vastus lateralis

Change in the normalized RMS

Fig. 4.

Initial MNF values versus changes in the normalized RMS during the

fatigue task for the four muscles. The regression line is y=94.2-47.3
X, r=-0.24 (p<0.05, by the simplie linear regression test).

MNF of the nonfatigue condition.
Changes in RMS induced by fatigue were also
different among the muscles; peaks of RMS decreased
in the biceps femoris and tibialis anterior muscles,
but were not changed in the vastus lateralis and
gastrocnemius muscles. In the vastus lateralis muscle,
it has been reported that RMS does not change with

11,13)
H

fatigue during maximum dynamic contraction
significantly increases during sub-maximal dynamic
and static contractions®’, or varies according to the
W In addition, RMS
muscles increased from fatigune during submaximum

individual in the shoulder
dynamic contraction™.
study, RMS appeared to be

decreased by fatigue at the data points when the

In the present
values in the initial spectral parameters were high.
Hence, to clarify this hypothesis extracted from result
data we examined the correlation between the change
in RMS due to fatigue and the initial MNF by using
the test for significance of the simple linear regres-
sion. As shown in Figure 4, there was a significant
negative correlation between the two parameters
employing all 31 data points for the four muscles,
where the change in RMS represents a difference in
the normalized RMS (value at fatigue minus the
initial value). This result suggests that muscle contrac-
tion with high frequencies easily diminishes RMS in
the fatigue condition.

In isotonic contractions without fatigue, the MNF
was demonstrated to be lower at a low torque level
than at a high torque level'’ . However, during
dynamic contraction without fatigue, the relation
between force or load and power frequencies has not
been established. The relation has variously been
reported as a significant positive correlation between
MNF and force"'”, as decreased MNF during muscle
contraction'”, and as various individual changes in
MPF during incremental bicycle ergometer exercise™.
In the present study, both fatiguing tasks and heavy
load tasks showed that MNF and MDF in the vastus
lateralis muscle appeared to be lower during peak
periods of RMS than during periods when there was
no peak of RMS in the nonfatigue condition. This
means that high muscle activity reduces MNF and
MDF, which is contrary to the result shown in the
isotonic contraction study. However, in the tibialis
anterior muscle, which also had two peaks of RMS in
this study, the initial repetition data on MNF and
MDF were lower when subjects were standing, that
is, when there was no peak of RMS, in the fatigue
task. Thus, the relation between muscle activity and
power frequencies during dynamic contraction in the
nonfatigue condition is still obscure because of the
different responses by the muscles in EMG parame-
ters. These differences among the muscles might be
due to the composition of the muscle fiber and the
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type of contracting muscle fiber during the exercise.

Moreover, the higher muscle activity due to heavy
load, in this study, did not influence the spectral
parameters, except at a few data points. For this
reason, a 20 kg weight might not be heavy enough to
change the patterns of MNF and MDF, even though
the differences in RMS were distinctly greater in the
heavy load task than the fatigue task. Consequently,
it is suggested that extra load has little effect on
MNF and MDF compared to the muscle contraction
cycle during motion.

In conclusion, MNF and MDF were significantly
reduced by fatigue during dynamic contraction. The
reductions were usually found during lower activity
The in the
reduced pattern among muscles are thought to depend

periods in each muscle. differences
on the degree of fatigue of each muscle caused by
the designated motion and also by the proportion of
contracting fibers by type. Without fatigue, heavy
load significantly increased RMS, although it did not
affect MNF and MDF. When either fatigue or heavy
load is utilized for dynamic exercise, there was

discrimination in surface EMG changes.
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