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Abstract

Objective: To identify the difference in infraspinatus, posterior deltoid, and teres minor muscle fatigability
between the dominant and non-dominant side in elite volleyball players and to examine the differences between
three sEMG signal processing methods used in assessment of shoulder muscle imbalance due to fatigue in
volleyball players.

Methods: In 18 male volleyball players (21-26 years; 186.6 ± 8.4 cm; 85.7 ± 9.8 kg) with no previous shoulder
injury the bioelectrical activity of the right and left infraspinatus, posterior deltoid, and teres minor muscles was
measured during 60 seconds of isometric contraction in prone position with the shoulder in external rotation. Fatigue
related changes as mean frequency shift were calculated from the RAW sEMG signal using 3 processing methods:
FFT (Fast Fourier Transform), STFT (Short Time Fourier Transform) and CWT (Morlet Continues Wavelet
Transform).

Results: There were no statistically significant differences (p>0.05) in the values of the mean frequency slope,
intercept and difference between dominant and non-dominant sides in all the evaluated muscles. There were no
significant differences between FFT and STFT sEMG signal processing methods in mean frequency slope, intercept
values and difference. The sEMG signal processing using CWT showed the significantly higher values of mean
frequency slope for infraspinatus and teres minor muscles. Significantly lower values of mean frequency intercept
were observed for the infraspinatus, posterior deltoid and the teres minor muscles. There were no significant
differences observed in mean frequency difference for all the evaluated muscles.

Conclusions: In elite volleyball players without previous shoulder injury, the fatigue indices in muscles of the
shoulder region were similar on both the dominant and non-dominant sides. Therefore, we have hypothesized that
asymmetric shoulder loading during volleyball training should not be considered as an obvious factor increasing the
risk of shoulder injury. Muscle fatigue indices measured by sEMG may be a sensitive and objective method of
evaluation, but may reach different values depending on the used signal processing method. Consequently, the
clinical interpretation and any comparison between different measurements, without knowledge of how those values
were calculated, may be misleading and be the reason for misdiagnosis.
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Introduction
Overhead sports such as volleyball are closely related to shoulder

pain and strain injuries of the shoulder region [1,2]. The specifics of
this discipline require the transfer of high energy through the shoulder
in large ranges of motion and with high precision [1]. It was reported
that repetitive movements during sport activities may lead to
cumulative tissue loading, muscle fatigue and strain injuries [3,4]. It
was demonstrated that during repetitive movements muscle fatigue
may be accompanied by changes in movement patterns and by changes
in joint proprioception [4,5]. The alterations in proprioception due to
fatigue are very important especially in sport activities where optimal
movement patterns and appropriate motor control are required [5]. It
was reported that changes in movement patterns due to muscle fatigue
may contribute to acute or overuse injuries and to many

musculoskeletal disorders, particularly in the shoulder region [3,6,7].
This process is especially devastating when including the postural and
stabilizing muscles of the shoulder complex, specifically, the rotator
cuff muscles [7,8]. Studies have shown that altered position and
motion of the scapula are considered as potential risk factors for
shoulder pain and shoulder injury [2,4,8]. It was reported that scapular
dyskinesis is observed in a 43% of overhead athletes and is influenced
by acute and chronic fatigue [1].

It has been reported that fatigue during exercise is accompanied
by changes in electromyographic muscle activity [9-11]. This leads to
an increase in signal amplitude and to a higher fatigue index [11,12].
The sEMG signal analysis in muscle fatigue assessment usually
includes changes in average sEMG amplitude and changes in sEMG
spectral frequency [11-13]. Muscle fatigue is usually evaluated by
sEMG signal spectral frequency analysis. But signal processing
methods may be different even if the final parameters are the same
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[13-15]. Therefore, the differences in clinical usefulness of different
methods of sEMG signal processing in the evaluation of muscle fatigue
due to physical effort needs comprehensive investigation.

These small differences in sEMG signal spectral frequency due to
signal processing method may be crucial in muscle imbalance
assessment [16,17]. The appropriate assessment of shoulder muscle
fatigability is crucial in prevention, diagnosis and management of
strain and acute injuries which is especially important in sport
performance [18]. Because the shoulder strain and acute injuries in
overhead athletes are important and common problems, there is a need
to verify the factors which may be the source of misdiagnosis.

The aim of this investigation was to identify the difference in
infraspinatus, posterior deltoid, and teres minor muscle fatigability
between the dominant and non-dominant side in elite volleyball
players. We have hypothesized that if the differences in muscle
fatigability between dominant (more loaded) and non-dominant (less
loaded) side are visible immediately following isolated fatigue, this
may suggest the presence of shoulder muscle chronic overloading and
higher predisposition of more fatigued muscles to strain injury.

The secondary aim of this study was to examine the differences
between three sEMG signal processing methods used in assessment of
shoulder muscle imbalance due to fatigue in volleyball players.

Materials and Methods

Participants
18 male volleyball players (21-26 years; 186.6 ± 8.4 cm; 85.7 ± 9.8

kg) participated in this study. The athletes belonged to a regional team,
and all were healthy, with no previous shoulder injury. They did not
perform any high-intensity physical activity for 2 days before the test
to avoid the effects of cumulative muscular fatigue. They were asked
which arm is their dominant one – the right or left. All measurements
were performed by one examiner. The study participants were
informed in detail about the research protocol and gave their written
informed consent to participate in the study.

The EMG measurement
The bioelectrical activity of the right and left infraspinatus, posterior

deltoid, and teres minor muscles was recorded according to the
SENIAM guidelines [13,19]. Prior to electrode placement, the skin was
cleaned and degreased with alcohol. Surface electrodes (Ag/AgCl)
(Sorimex, Poland) with a 2 cm center-to-center distance were attached
along the direction of the muscle fibers on the muscle bellies. The
signals were registered with 16-bit accuracy at a sampling rate of 1500
Hz and stored for subsequent analysis using Noraxon G2 TeleMyo
2400 unit (Noraxon USA).

The sEMG signal from the evaluated muscles was measured during
60 seconds of isometric contraction with the 4 kg resistance attached to
the wrist. The measurement was performed in prone position with the
shoulder in external rotation (Weight Prone External Rotation).
Fatigue related changes as mean frequency shift were calculated from
the RAW sEMG signal using 3 processing methods [14,15,20-22].

FFT (Fast Fourier Transform)-unfiltered RAW sEMG signal was
analysed step-wise in 1,000 ms increments over 60-second static

contractions. Mean frequency was calculated for each 1 second step
and then regression line (slope) and intercept (Hz) values were
computed. The mean frequency difference (%) was calculated as the
difference between average first 3 and last 3 period values

STFT (Short Time Fourier Transform)-unfiltered RAW sEMG
signal was analysed with a 512 point window over 60 second’s static
contractions. Mean frequency was calculated for each window and the
regression line (slope) and intercept (Hz) values were computed. The
mean frequency difference (%) was calculated as the difference
between the average first 3 seconds and last 3 last seconds.

CWT (Morlet Continues Wavelet Transform) - Unfiltered RAW
sEMG signal was analysed over 60-second static contractions
(frequency 12.5-400 Hz, 40 voices, 200% voice bandwidth). From
mean instantaneous frequency the regression line (slope) and intercept
(Hz) values were computed. The mean frequency difference (%) was
calculated as the difference between the average first 3 seconds and the
last 3 seconds.

Statistical Analysis
Statistical analysis was performed using the STATISTICA 12.0 Pl

software. The Shapiro-Wilk test was conducted to assess normality of
data. The paired t-test was used to determine the differences in muscle
fatigue variables between the dominant and non-dominant side. The
ANOVA test for independent samples was used to determine the
significance of the differences between sEMG signal processing
methods. The differences were considered as statistically significant if
the level of test probability was lower than the assumed level of
significance (p<0.05).

Results

Comparison of dominant and non-dominant sides
There were no statistically significant differences (p>0.05) in the

values of the mean frequency slope, intercept and difference between
dominant and non-dominant sides in all the evaluated muscles
(Figures 1-3).

Comparison of sEMG signal processing methods
FFT and STFT showed similar values in almost all the evaluated

muscles. There were no significant differences between sEMG signal
processing methods in mean frequency slope values (Figure 1), in
mean frequency intercept values (Figure 2) and in mean frequency
difference (Figure 3). The lack of significant differences in muscle
fatigue indices obtained with FFT and STFT allow considering them as
equal.

The sEMG signal processing using CWT showed different results in
comparison to FFT and STFT. The significantly higher values of mean
frequency slope was observed for infraspinatus (Figure 1A) and teres
minor (Figure 1C) muscles. Significantly lower values of mean
frequency intercept were observed for the infraspinatus (Figure 2A),
posterior deltoid (Figure 2B) and the teres minor (Figure 2C) muscles.
There were no significant differences observed in mean frequency
difference for all the evaluated muscles (Figure 3).
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Figure 1: The mean frequency slope in the dominant and non-dominant infraspinatus (A), posterior deltoid (B) and teres minor (C) muscles
obtained by FFT, STFT and CWT sEMG signal processing methods. *p<0.05 significantly different value in FFT vs. CWT, **p<0.05
significantly different value in STFT vs. CWT.

Figure 2: The mean frequency intercept (Hz) in the dominant and non-dominant infraspinatus (A), posterior deltoid (B) and teres minor (C)
muscles obtained by FFT, STFT and CWT sEMG signal processing methods. *p<0.05 significantly different value in FFT vs. CWT, **p<0.05
significantly different value in STFT vs. CWT.

Figure 3: The mean frequency difference (%) in the dominant and non-dominant infraspinatus (A), posterior deltoid (B) and teres minor (C)
muscles obtained by FFT, STFT and CWT sEMG signal processing methods.

Discussion
The most important information obtained in this study is the

observation that in elite volleyball players, the fatigue indices in
muscles of the shoulder region were similar on both the-dominant and

non-dominant sides. The lack of significant differences in fatigability
between shoulder muscles which are more loaded during training
(dominant) and less loaded (non-dominant) may suggest that muscles
on both sides were similarly resistant to fatigue. It may indicate that
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intensive training without additional risk factors of shoulder strain
injury does not lead to chronic changes in muscle fatigability. In other
words, we have hypothesized that asymmetric shoulder loading during
volleyball training should not be considered as an obvious factor
increasing the risk of shoulder injury. Based on our results, we have
suggested that this fatigue was similar on both sides sin volleyball play,
therefore, the risk of injury due to this fatigue is also similar on both
sides, and the more loaded, dominant shoulder may not be more prone
to injury than the non-dominant one.

The other important observation from our study is that muscle
fatigue indices measured by sEMG may reach different values
depending on the used signal processing method. If the parameters
describing muscle fatigability (e.g. mean frequency slope, intercept or
difference) are calculated via different processing methods, the results
obtained may greatly vary. Therefore, the comparison between
measurements (e.g. between different subjects), without knowledge
how those values were calculated, may be misleading and clinically,
such comparisons may lead to misdiagnosis. The significant differences
shown in our study between values of a single parameter (e.g. mean
frequency slope) calculated by different signal processing is the
example of such a situation. In other words, due to signal processing,
we may obtain significantly different values of mean frequency slope,
even if they are calculated from the same sEMG record. Consequently,
if we do not know the details of how this value was calculated, we
should not compare data from two different subjects or results from
different studies. This difference is clinically important because we may
obtain conflicting results, even from the same subject e.g. if s/he is be
evaluated at two different clinics during recovery from shoulder injury.
Because volleyball is an asymmetric sports discipline, the potential
implications of asymmetric training loads in relation to high
prevalence of strain and acute shoulder injury occurrence should be
addressed.

Postural asymmetry is considered a risk factor for injuries [23].
Some authors have suggested that the dominant shoulder of volleyball
players is biomechanically and morphologically different to their non-
dominant shoulder [2,24]. They have reported the occurrence of
adaptive changes in the dominant shoulder due to asymmetric training
and have indicated that those adaptations may be associated with
shoulder injury and pain [7,24,25].

Some studies have reported scapulohumeral rhythm asymmetry in
overhead athletes between their dominant and non-dominant shoulder
[24,26]. However, they have suggested that some scapular asymmetry
may be common in overhead athletes and it should not be considered
as pathology but as adaptation to extensive use of the dominant upper
limb [23]. Also, Hosseinimehr et al. [24] have indicated that in
unilateral overhead athletes, the asymmetric scapular posture between
the dominant and non-dominant sides may be normal and might not
be related to injury.

Those observations stay in line with the results of our study in
which the lack of differences between dominant and non-dominant
shoulder muscle fatigability have suggested that asymmetric training in
volleyball players may not lead to pathological changes in the more
loaded - dominant shoulder. Even if some biomechanical changes
appear as an adaptation to asymmetric loads it probably does not cause
muscle overload. It was also suggested that muscle fatigue may lead to
an increase in movement variability which is a strategy decreasing the
risk of overuse injury [6]. Some authors have reported that increased
upper extremity kinematic variability and altered motor coordination

associated with muscle fatigue may be present without any visible
alterations in task performance [3,6].

The asymmetry in athletes without previous history of shoulder
pain or injury may be considered as natural and not related to
increased risk of injury, but the situation in previously injured
individuals appears differently. Burkhat et al. [25] have noted the
asymmetry in injured overhead athletes and they reported increased
scapular protraction, anterior tilting and internal rotation of the
scapula in the symptomatic side. Other authors have reported
decreased dominant shoulder internal rotation range of motion,
deficits in external rotator eccentric peak torque and higher rotator
fatigability in volleyball players. In those studies, all changes were
correlated with previous shoulder pain or injury [2,27,28].

Many authors have reported that repetitive shoulder movements
may lead to cumulative biomechanical loading and to muscle fatigue
[3,29,30]. It was suggested that this fatigue may lead to changes in
muscle activation patterns and in shoulder kinematics [18,31,32]. Joshi
et al. [31] have reported that fatigue-induced alterations in the lower
trapezius might predispose the infraspinatus to injury through
chronically increased activation.

However, none of the previous studies have described the
differences in muscle fatigability between the dominant and non-
dominant shoulder in overhead athletes. They have reported
asymmetries in muscle strength [28,31] or in shoulder and scapular
kinematics [32,33] but there is a lack of studies analyzing asymmetries
in muscle bioelectrical activity measured with sEMG. As was reported,
surface electromiography is a sensitive and appropriate method for
evaluation of muscle imbalance or acute and chronic fatigue
[9-11,16,17]. The changes in muscle bioelectrical activity due to
fatiguing effort are considered as a reliable diagnostic method of
muscles performance [16,17]. Because we did not observe any
significant differences between dominant and non-dominant shoulder
muscle fatigability in our study, we think that both arms of the
evaluated volleyball players reacted similarly to the fatiguing effort.
Based on this observation, we may suggest that in overhead athletes
without previous shoulder injury, even if some potential asymmetries
due to training loads are present, they do not probably influence the
muscle fatigability.

Mc Donald et al. [8] reported that shoulder complex and rotator
cuff muscles require a long recovery time after fatigue. Therefore,
during the intensive training period with inadequate rest
opportunities, chronic fatigue may cause shoulder strain injuries
[8,34,35]. Also, the importance of muscle fatigue as a risk factor of
shoulder injury in overhead athletes was underlined by Andrade et al.
[36] They have reported a higher incidence of injuries late in the game
than during the early period and suggested that this fatigue can affect
muscular strength balance and consequently, shoulder joint
stabilization.

With sEMG, we may quantify neuromuscular fatigue during
muscular work [11,12]. Its advantages are: non-invasiveness and real-
time fatigue monitoring during performance [13]. It was reported that
in evaluation of muscles imbalance due to chronic or acute fatigue, the
small alterations in muscle bioelectrical activity may be considered as a
sensitive and objective sign of muscle overloading [9,16]. Thus, the
differences between contralateral muscle fatigability may suggest some
muscles imbalance, which may be a potential factor increasing the risk
of strains or acute injury.
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The sEMG is widely used in diagnosis of muscle disorders and as a
reliable evaluation method of muscle recovery efficacy during training
and post-injury rehabilitation [10,11]. The crucial element of sEMG
accuracy in muscle evaluation is the use of appropriate signal
processing method. There are some studies showing that the value of
muscle fatigue parameters derived from sEMG signal may vary due to
the used signal processing method [16,17,21,22]. This appears to be an
important limitation when we need to compare data from two other
bioelectrical signal measurements. Very often, our diagnosis is based
on muscle activity clinical reports containing only final values of
fatigue variables, without any information on how they were
calculated. The clinicians usually do not realize that if the same sEMG
record is processed by two different methods, the results may be
different. The comparison of two reports with the same final variables,
but obtained by different sEMG signal processing methods, is not
possible, and such comparison may cause misdiagnosis. The results of
our study showed that muscle fatigue assessed with continuous wavelet
transform (CWT) signal processing was significantly different from the
other two methods used.

There are some limitations of this study that need to be addressed.
First, the study population consisted of volleyball players without
previous shoulder injury, thus, it may not be possible to extrapolate
these findings to overhead athletes with a history of shoulder injury.
Additionally, the present study involved only volleyball players, so we
think that future studies should also include other overhead athletes.

The most important information obtained in this study is the
observation that in elite volleyball players without previous shoulder
injury, the fatigue indices in muscles of the shoulder region were
similar on both the dominant and non-dominant sides. Therefore, we
have hypothesized that asymmetric shoulder loading during volleyball
training should not be considered as an obvious factor increasing the
risk of shoulder injury. The other important observation from our
study is that muscle fatigue indices measured by sEMG may be a
sensitive and objective method of evaluation, but may reach different
values depending on the used signal processing method. Consequently,
the clinical interpretation and any comparison between different
measurements, without knowledge of how those values were
calculated, may be misleading and be the reason for misdiagnosis.
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