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Introduction

Surface electromyography (EMG) has been used to
investigate muscle and/or central fatigue in healthy
subjects under laboratory conditions, by evaluating the
responses of the peripheral and central nervous system, to
measure the degree of muscle activation. EMG represents
the sum of electrical activities of many active motor units
in the muscle. So the EMG signal is a form of electric
manifestation of neuromuscular activation associated with
contracting muscles and there exist many factors affecting
its waveform and amplitude, which makes it very difficult
to be analyzed. As a signal are often analyzed using
amplitude and spectral based methods. Analysis of the
median frequency of the power density spectrum defined
as the frequency that divides the power density spectrum
into two regions of equal power [1, 2, 19]. In 1990,
Solomonow et al. [3] looking at individual contributions to
motor unit recruitment found that increases in average
conduction velocity was a major contributor to variantions
in median frequency and suggested using the median
frequency as the index to indentify different muscle’s
recruitment strategies. Many other parameters have been
successfully applied to classify EMG signals [4-6], among
which nonlinear dynamical analysis is a quite powerful
approach. The calculations of most nonlinear dynamic
measures, however, are frequently confronted with
insufficient data points and noisy backgrounds. The
nonlinear dynamic measure as Shannon wavelet entropy
was created in 1990 by scientist Tsallis where he proposed
a generalization of the celebrated Boltzmann-Gibbs
entropic measure [9-10]. The Shannon wavelet entropy
appears as a measure of the degree of order or disorder of
the signal. It provides useful information about the
underlying dynamical process associated with the signal.

EMG amplitude during prolonged maximal volume
contraction decreases progressively in muscle and/or
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central fatigue condition of healthy subjects. Median
frequency is the most popular method analyzing EMG
signal for frequency, where fatigue can be deduced from
EMG signal behavior when simultaneously a drop of
median frequency. EMG signal of fatigued muscle
decreases complexity that is applicable to noisy and short
datasets of a signal. We coundn’t find any scientifical
articles where EMG signal would be analyzed by nonlinear
dynamical measure Shannon wavelet entropy. We
hypothesies that nonlinear dynamical measure as Shannon
wavelet entropy will help to detect changes of fatigued
muscle complexity, where the complexity decreases in
muscle fatigue condition. So the aim of the present study
was to estimate the complexity of electromyography
signals by using wavelet-based Shannon entropy.

Materials and methods

Subjects — healthy and physical active women (n=9)
with normal menstrual cycle, whom age 19—23 years,
body weight — 58,2 + 6,1 kg, height — 168,4 + 5,6 cm.
All the participants didn‘t use oral contraceptives during 6
month and had regular menstrual cycle. Subjects were
physically active but did not take part in any formal
physical exercise or sport program. They had not been
involved in any jumping or leg strength training programs
during recent years. Each subject read and signed a written
informed consent form consistent with the principles
outlined in the Declaration of Helsinki. Ethical approval
was obtained from Kaunas regional biomedicine of ethics
committee (report number BE-2-24).

Surface electromyography measurements
Bipolar Ag-AgCl surface electrodes were used for

EMG recordings (silver bar electrodes, diameter 10 mm,
centre-to-centre distance 20 mm) of the long head of the
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vastus lateralis and biceps femoris (DatalLog type no. P3X8
USB, Biometrics Ltd, Gwent, UK). The skin at the
electrode site was shaved and cleaned with alcohol wipes.
The electrodes were placed half way on a line between
ischial tuberosity and fibula head. The ground electrode
was positioned on the patella of the same leg. EMG signals
were recorded by amplifiers (gain 1000) with signal
measurement using a third order filter (18dB / octave)
bandwidth of 20 — 460 Hz. The analogue signal was
sampled and converted to digital form at sampling
frequency of 1 kHz. The EMG signal was telemetered to a
receiver that contained a differential amplifier with an
input impedance of 10 MC, input noise level was less than
5 uV and the common mode rejection ratio was higher than
96 dB. Before the recordings of EMG, we set 3V for
chanel sensivity, 4600 mV for excitation output.
Electromyography files were stored on the memory card
and copied to PC biometrics Datalog (version 5.03;
Biometrics Ltd, Gwent, UK) for data processing and
analysis.

Experimental protocol

After 10—15 min of not-intensive warming-up (slow
pedaling velorgometer, with the heart rate of 120—130
b/min) 100 jumps on vertical jump force plate (New Test,
Finland) from a 75 cm stage were made, when the
participant got to amortization phase while the knee joints
were flexed at the angle of 90 (hands on loins). The jump
height was measured by formula [7]

gxtp2

h= =1,22625x 1,
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where h — jumping height (m), g — acceleration of free
fall down (9,81 m/s?), t,— length of speed phase (s).

Before the jumping the electrodes, biosensers were
attached and scoreless biosensers values were set.

Data analysis and statistics

EMG values were analysed by Shannon wavelet
entropy and median frequency using software written in
Matlab (The MathWorks, Natick, MA).

By discrete wavelet transform (DWT) the wavelet
energy at resolution level j can be defined as

JEED AR @)
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where n; is the number of wavelet detail coefficients

j
Cj (k) available at octave j. The total and relative wavelet
energy can be obtained in the fashion:

Eot =2 Ej,
J
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P=Ej/Epr. 4)

The wavelet Shannon entropy is defined as

94

Sw=-2pj-logs(p;)/log,(N), (%)
j

where N — number of resolution levels.

The Symlet (sym5) wavelet was used here for
analysis and the decomposition of EMG was performed at
6 lewels.

The fatigue index (FI) of jumping height (H) was
calculated

_ (H before exercise - H after exercise)
H before exercise

Fl %100, (6)

where H before exercise — 3 first H values and H after
exercise — 3 last H values.

By the same formula FI of EMG was calculated,
where EMG before exercise — 3 first EMG values and
EMG after exercise — 3 last EMG values.

The one-way analyses of variance (ANOVA) for
repeated measurings were used to determine the effect of
median frequencies and Shannon wavelet entropy
separately of EMG vastus lateralis and biceps femoris
properties before and after exercise. Descriptive data are
presented as means + SD. The level of significance was set
at P < 0.05. In order to evaluate the relationship between
changes in different indicators of jumping height and EMG
values before and after exercise Pearson correlation
coefficient (r) was established. Based on on alpha level of
0.05, sample size (n = 9), standard deviations and average
level before and after exercise power of the test was
calculated for all indicators. In all cases power of the tests
was more than 80 per cent.

Research results

The fatigue index of H was 6.53 + 0.50%.

The median frequencies of EMG vastus lateralis have
decreased in last ten jumps than in first ten, but no
significant difference were found (P > 0.05) (table 1). The
median frequencies of EMG biceps femoris have
significantly decreased (P < 0.05) in last ten jumps than in
first ten (table 1).

Table 1. The median frequencies of EMG vastus lateralis values
in 1-10 jumps and in 91-100 jumps

Value of median Value of median
Muscles frequency frequency
1-10 jumps 91-100 jumps
Vastus lateralis 64.96 +8.19 59.57 £9.23
Biceps femoris 36.98 +7.14 * 25.50 +4.89 *

Note: values are means + SD. * significant (P < 0.05).

The Shannon wavelet entropy of EMG vastus
lateralis have significantly (P > 0.05) increased in last ten
jumps than in first ten (table 2). Shannon walvet entrophy
of EMG biceps femoris have significantly decreased (P <
0.05) in last ten jumps than in first ten (table 2).

There was reverse significant relationship between
changes in jumping heigh and Shannon wavelet entropy of
EMG vastus lateralis (r=-0.5, P < 0.05) and Shannon
wavelet entropy of EMG biceps femoris (r=-0.7, P < 0.05).
There was no significant relationship between changes in
jumping height and median frequency of EMG vastus



lateralis (r=-0.3, P > 0.05), but there was reverse
significant relationship between changes in jumping height
and median frequency of EMG biceps femoris (r=-0.7, P <
0.05).

Table 2. The Shannon walvet entrophy of EMG vastus lateralis
values in 1-10 jumps and in 91-100 jumps

Value of Shannon Value of
Shannon
Muscles entrophy
1-10 jumps entrophy
91-100 jumps
Vastus 0.70 + 0.044 * 0.76 £ 0.04 *
lateralis
Biceps 0.69 +0.05 * 0.62 £0.06 *
femoris

Note: values are means + SD. * significant (P < 0.05).
Discussion and conclusions

The findings of the present study indicate that during
an eccentric exercise (100 jumps from 75 cm stage) the
complexity of electromyography signals was higher using
wavelet-based Shannon entropy than median frequency
method. Pearson correlation coefficient was significantly
stronger compare jumping height values with EMG
Shannon wavelet entropy values. In the study [15] of
influence of contraction intensity and muscle on median
frequency of the quadriceps femoris (QF) where found that
distinct differences in QF muscle structure and function are
clearly apparent, as outlined. The results demonstrated that
this fact is also reflected in the surface EMG signal. It is
speculated that the sensitivity of median frequency to
reflect progressive muscle fiber recruitment is dependent
on the profile of the muscle [15]. Muscles that contain a
relatively greater proportion of type | fibers may not
demonstrate increases in median frequency with greater
forces, despite the additional recruitment of these fibers
[15]. As a result, the ability to document progressive
muscle fiber recruitment with the median frequency
statistic may be limiting in muscles with significant muscle
fiber-type homogeneity [15]. This theory proves our data
where median frequency of EMG vastus lateralis have
decreased in last ten jumps than in first ten, but no
significant difference were found (P > 0.05). The
examination of an EMG frequency-domain statistic
(median frequency) to describe intermuscular differences
within the QF may provide of a greater number and higher
density of Na" channels within the sarcolemma of fast-
twitch muscle fibers, compared with slow-twitch muscle
fibers, the generation of higher frequency action potentials,
and hence EMG signals, from fast-twitch muscle fibers,
the significant relation between the EMG median
frequency and muscle fiber conduction velocity and the
progressive recruitment of fast-twitch muscle fibers at
higher contraction intensities [8,16-18]. Although it is well
known that the surface EMG signal, as measured in the
present study, provides limited evidence of specific motor
unit recruitment or rate-coding changes, the observed
median frequency statistic can be considered to be, in part,
a reflection of muscle fiber-type activation [16].

During a prolonged voluntary contraction (100 jumps
from 75 cm stage), fatigue is inevitable [11].
Dynamometry and EMG have been used to investigate
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muscle fatigue and central fatigue, by evaluating the
responses of the central nervous system (i.e. changes in the
motor unit recruitment) [11]. Many researchers support a
positive correlation between the level of fatigue and EMG
[13]. More specifically, during prolonged maximal volume
contraction the EMG amplitude decreases progressively. In
the present study median frequency and Shannon wavelet
entropy of EMG biceps femoris values have significantly
(P > 0.05) decreased in last ten jumps than in first ten
which have showed muscle fatigue. In the other studies
during maximal extension contractions the biceps femoris
muscle  was  performing  submaximal  isometric
contractions, as evidenced by the EMG [12]. In
submaximal exercise, mainly slow, non-fatigable motor
units would be expected to be recruited. Thus, during the
coactivation contractions a separate population of muscle
fibres of the biceps femoris muscle was recruited rather
than those, which were fatigued by the dynamic flexion
protocol. Different fibre populations of the biceps femoris
muscle were fatigued in the dynamic protocol than
recruited in the extension contractions [12]. The
implication of this finding is that, during in vivo exercise,
appropriate coactivation and co-ordination around the joint
may be maintained, despite exercise induced fatigue of an
antagonist muscle group. In the studies with fatiguing
exercise showed significant decrease in the maximum
voluntary EMG in males, but not in females, crediting this
difference to a higher synchronization of neuromuscular
activation [14]. Similarly, soleus and gastrocnemius EMG
showed a significant decrease during the submaximal
jumping. This implies a corresponding reduction in force
(and leg stiffness). In the present study Shannon wavelet
entropy of EMG vastus lateralis values have significantly
(P > 0.05) increased in last ten jumps than in first ten. It is
very well documented that when human subject perform
prolonged voluntary contraction there are parallel declines
in force and EMG [11,20]. In contrast, it has been shown
that when human sustains a submaximal isometric trial, the
EMG of the involved muscles increases [11]. The increase
in EMG is mainly thought to reflect a neural-based
compesation for the force failure of currently active motor
units whereby there is a progressive increase in the
recruitment and discharge rate of larger not fatigued motor
units [11]. Moreover, it has been suggested that increases
in both synchronization and spike duration and slowing of
conduction velocity would tend to increase the amplitude
of the surface EMG [11]. Furthermore, the possibility of
the involment of spinal and supraspinal mechanisms
cannot be excluded [11].
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L. Daniuseviciute, K. Pukenas, M. Brazaitis, A. Skurvydas, S. Sipaviciene, I. Ramanauskiene, V. Linonis. Wavelet-Based Entropy Analysis Of
Electromiography During 100 Jump // Electronics and Electrical Engineering. — Kaunas: Technologija, 2010. — No. 8(104). — P. 93-96.

Muscle fatigue is a complex process that is most often defined as an exercise induced reduction in the ability of a muscle to generate force, and has
been studied over numerous exercises for decades in an attempt to understand and indentify the mechanisms that lead to the loss of force production. One
of muscle fatigue estimation is to assess changes in frequency measures of muscle electromiography signals. Electromiography signal is essentially a
non-stationary signal, where muscle contraction can reach very high or small amplitudes. We used wavelet-based Shannon entropy to estimate the
complexity of electromiography signals. Wavelet analysis is suitable tool for detecting and characterizing specific phenomena in time and frequency
planes. Bibl. 20, tabl. 2 (in English; abstracts in English, Russian and Lithuanian).

JI. Tanrocesnurote, K. Ilykenac, M. Bpa3aiituc, A. Ckypsuaac, C. Cunapnyene, . Pamanayckene, B. JIunoHuc. D1eKTpOMUOTrpaMMHBbIIi
AHAJIM3 NPHMEHEHssl MeTo/| BeilBJIeT JHTPONHH B MPOJOJIKEHHH CTA NPBLKKOB // DIIEKTPOHMKA U djeKTpoTexHuka. — Kaynac: TexnoJorus,
2010. — Ne 8(104). — P. 93-96.

MycKyaaTypHasi yCTalnoCTh — 3TO KOMILIEKC MPOLECCOB, KOTOPBII Yallle BCErO ONMpPEC/SETCs KaK YMCHBIICHHE BO3MOXKHOCTEIl MBILIIBI PAa3BUThH
MBIIIEYHYIO CHIIy BO BpeMsl (PH3UYECKOTO yIPaKHEHUS. YUEHBIEC Y)K€ HECKOIBKO JECATUIIETHI HCCIIEIYIOT, HBITAIOTCS IOHATh U ONPEIeIUTh MEXaHU3MBI,
00yCIaBIMBaIONINE YMEHBIICHHE MBINIEYHOH CHIbl. OJHUM K3 METOIOB OIPEIENICHHS MBIIEYHON YCTaJOCTH SIBISIETCS JJICKTPOMHOTPAMMa MBIIIIIb,
KOTOpasi MO3BOJISICT YCTAHOBHUTD HJIEKTPHYECKYIO aKTHBHOCTh MBIIIIIBL. DJIEKTPOMHOrpaMMa SIBJISICTCS] HECTAl[MOHAPHBIM CUTHAJIOM, aMILIATY/a KOTOPOro
3aBUCUT OT aKTHBHOCTH MbINIIBI. [l ompeneieHns] KOMIUIEKCHOCTH CHTHAJa JJIEKTPOMUOTPAaMMBI HCIIOJIb3yeM METOJ BEHBIIET SHTPONHH. Merox
BEHBIICT YHTPOIIMH, MO3BOJISIET ONPENENUTh M XapaKTepU30BaTh YaCTOTHO-BPEeMEHHbIE CBOMCTBA curHaia. buom. 20, tabn. 2 (Ha aHIVIMHACKOM S3BIKE;
pedepaTbl Ha aHIIIMIICKOM, PYCCKOM M JIUTOBCKOM $3.).

L. Daniusevi¢iate, K. Pukénas, M. Brazaitis, A. Skurvydas, S. Sipavi¢iené, I. Ramanauskiené, V. Linonis. Elektromiogramos analizé taikant
vilneliy entropijos metoda 100 Suoliy metu // Elektronika ir elektrotechnika. — Kaunas: Technologija, 2010. — No. 8(104). — P. 93-96.

Raumeny nuovargis - tai kompleksas procesy, kuris daZniausiai yra apibidinamas kaip raumens galimybiy i§vystyti jéga fizinio pratimo metu
sumazejimas. Jau keli deSimtmeciai mokslininkai bando suprasti ir nustatyti raumeny jégos sumazéjimo mechanizmus. Vienas i§ metody raumeny
nuovargiui ivertinti yra raumens elektromiograma, kuri leidzia nustatyti raumens skleidziamy daZniy poky¢ius. Elektromiograma yra nestacionarus
signalas, kurj raumuo susitraukdamas gali sukelti padidindamas arba sumaZindamas signalo amplitudg. Elektromiogramos signalo kompleksiskumui
nustatyti taikéme vilneliy entropijos metoda. Vilneliy entropijos metodas yra jrankis, kuris leidzia jvertinti ir apibudinti specifinius vyraujancius
pozymius laiko ir signalo dazniy kitimy plotmeéje. Bibl. 20, lent. 2 (angly kalba; santraukos angly, rusy ir lietuviy k.).
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