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ABSTRACT

The study of muscle synergy is a new method to evaluate the function of the control system of the
human body. Due to the physical demands of the nature of triathletes it appears that triathletes are
affected by variety degrees of muscle fatigue. The aim of this study was to determine the effect of
fatigue on lower limb muscles synergy in novice triathletes. Sixteen male novice triathletes
participated in this semi-experimental study. Electromyography activity of rectus femoris, vastus
medialis, vastus lateralis, biceps femoris, semitendinosus, gastrocnemius medial, soleus and
tibialis anterior muscles were recorded before and after the cycling-induced fatigue protocol during
running task. Non-negative matrix analysis algorithm approach was used to extract muscle
synergies from electromyography signals. Pearson correlation method was emplyoed to measure
the similarity of the extracted patterns. Paired-sample t-test was employed to compare the relative
weight of muscles before and after the fatigue protocol (P<0.05). After muscle fatigue, the first
and second synergy patterns showed high similarity and the third and fourth synergy patterns
showed moderate similarity. The relative weight of vastus lateralis muscle (P=0.012) and tibialis
anterior (P=0.024) decreased significantly after muscle fatigue. The relative weight of
semitendinosus (P=0.016) and soleus (P=0.031) muscles increased significantly after muscle
fatigue. The number of four muscle synergies were obtained by variance accounted for method
from electromyography activity data of muscles before and after muscle fatigue. Cycling-induced
fatigue can affect the organized cooperation of the central nervous system to create synergy
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patterns in triathletes during running. It seems that disruption of synergy patterns and relative
weight of lower limb muscles due to cycling-induced fatigue can change the mechanics of
subsequent running in triathletes and increase the possibility of injury among these individuals.
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INTRODUCTION

Muscle synergies provide a simple description of the control of the motor system of the human body.
Despite years of research, it is still unclear how the central nervous system controls the activity of large
numbers of muscles during coordinated exercise [1]. Various researches have been showed that the central
nervous system uses the muscles in groups to reduce complexity required to control the muscles during the
activity [2]. Understanding how muscle synergies are used may contribute to our greater understanding of
the neural mechanisms that underlie many injury conditions [1].

The muscle synergy concept was first proposed by Bernstein (1966) and represents the strategy of the
central nervous system to solve the problem of redundancy or uncertainty to control the degrees of freedom
of the musculoskeletal system during physical activity. Thus, in order to select and perform the appropriate
activity of a small set of muscles synergies, afferent messages and supraspinal descending movement
control messages interact to control the desired activity [3]. In fact, muscle synergy expresses
neuromuscular coordination to activate muscle avtivity patterns. Hence, it is believed that the nervous
system selects strategies to reduce the complexity of controlling motor behavior during activity [4].
Triathletes compete to record better total times in swimming, cycling and running. Success in this sport
depends on the athlete's ability to run with maximum efficiency, motor performance and the appropriate
pattern of muscle activity [5]. Previous studies show that possibility of musculoskeletal injuries of
triathletes during long distance running depends on the fact that muscle patterns for running do not change
much after cycling phase [6, 7, 8]. Most triathlon athletes report a noticeable change in muscle coordination
during running after cycling. Reasons for these inconsistent patterns are still unclear in the literature.
Fatigue after cycling, probably causes this inconsistency in running [9].

Few studies have been done on the effect of fatigue on the biomechanical parameters of triathletes. Marino
et al. (2008) studied on the speed and stride length over 40 km of cycling and running and reported that
running after the cycling stage decreases the speed and stride length [10]. Chapman et al. (2008)
investigated the effect of cycling on tibialis anterior muscle activity and running kinematic parameters.
They reported no significant difference in the kinematic characteristics of running and the mean frequency
of this muscle after cycling fatigue. Nonetheless, they observed a significant difference in the tibialis
anterior muscle activity in running pattern after cycling [6]. Del Caso et al. (2012) measured the jump height
and lower limb strength before and after the half distance of the Ironman Triathlon. They reported that the
amount of jumping height and the output power of the lower limb decreased significantly after the
competition [9]. Anbarian et al. (2015) investigated the effect of pedaling and fatigue on changes of knee
muscles co-contraction during running in triathletes. Their results showed that fatigue changes muscle co-
contraction in different phases of running of triathletes [11]. Fatigue caused by cycling may also affect
muscles synergies, consequently, the mechanics of running can be changed and cause injuries to triathletes.
According to our knowledge, no research was found in muscle synergy in novice triathletes. Therefore, the
purpose of this study was to investigate the effect cycling-induced fatigue protocol on synergy of the lower
limb muscles in novice triathletes during running in order for a better understanding of the risk factors of
triathlon injuries.

MATERIAL AND METHODS
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Participants

Sixteen male novice triathletes participated in this quasi-experimental study with pre-test and post-test
design. The Sample size was selected using G*power software with an effect size of 0.8 and a power of
0.95. A novice triathlete was defined as an individual who had never taken part in a formal competition
such skilled triathletes. However, they had trained between 1-2 years [11]. Demographic information for
all subjects can be found in Table 1. All subjects were free of any cardiovascular pathology, neurological
disorders, lower extremity injuries and not participating in other sports in the last 6 months. They also have
been practicing triathlon at least three times a week [12]. All subjects received clarifications regarding the
procedures and agreed to participate by signing a statement of informed consent. This study received
approval from the ethics committee of Bu-Ali Sina University.

Table 1: Demographic information of subjects (Mean+standard deviation).
Age (year) Height (cm) Mass (Kg)
23.9+2.51 178.52+3.41 76.15+4.12 |

Procedure

Surface electromyography signals were collected using a 16-channel Megawin wireless device (Biomonitor
ME6000, Kuopio, Finland). After abrasion and cleaning of the skin with alcohol, surface electromyography
electrodes (Ag.AgCl; 10-mm diameter; bipolar arrangement; inter-electrode distance 2.5 cm) were attached
over the target muscles of the dominant leg of the subjects identified by which leg the subject used to kick
a ball [13]. Electromyography activity of rectus femoris (RF), vastus medialis (VM), vastus lateralis (VL),
biceps femoris (BF), semitendinosus (SM), gastrocnemius medial (GM), soleus (SO) and tibialis anterior
(TA) muscles were recorded during running [16]. The position of the electrodes on each muscle was
according to the SENIAM protocol [15]. The ground electrode was placed on the tibia tuberosity. The
center-to-center distance of the electrodes were considered to be 20 mm. Electrodes and cables were fixed
on the skin in order to prevent movement noises and disturbances in the subject's movement. Then, the
maximal voluntary isometric contraction (MVIC) was recorded for the acquisition of normalization signals
from the muscles. Subjects performed 3 repetitions of 5 seconds of maximum voluntary isometric
contraction for each muscle or muscles group, and subjects were given a one-minute rest between each
repetition [15]. Before the measurements, all subjects performed training trials to become familiarized with
the test situation. After familiarization, electromyography signals of muscles were recorded during running
before and after cycling-induced fatigue. In order to record a successful stride while running, two foot-
switches; one on the most posterior plantar region of the heel and the other under the first
metatarsophalangeal joint were attached under the foot. To prevent the possible change of the subject's
running pattern as a result of focusing on the running speed, the subjects were asked to run at their self-
selected speed. In the main test, the subjects were asked to run over a 15-meter runway. Each subject was
required to complete six trials per condition (before and after fatigue protocol) with one minute rest between
each trial. Three successful running trials out of six were averaged for data analyses [16, 17].

The twelve-step protocol related to the study of Bonacci et al. (2013) and a stationary bicycle made in
England were used for the cycling-induced fatigue protocol [8]. The subjects' pedaling speed were 90 to
100 revolutions per minute in all stages of the protocol. To ensure that fatigue is created at the end of each
stage of the protocol, the 6-20 rank Borg index was used. The number 6 indicates lack of fatigue and rank
17 to 20 indicates fatigue. If the subjects expressed as a number higher than 17 in each stage, they were
given more rest, and during the rest period, they were asked to express their level of fatigue again when this
scale reached lower than 17, next the fatigue protocol was performed [18]. After the fatigue protocol, the
subjects were asked to run over a 15-meter runway at their self-selected speed like before the fatigue
protocol. According to the quality of the foot switch signals, the seventh or eighth step were selected for
analysis. The sampling frequency was 1000 Hz and the signal-to-noise ratio was 90 dB .The data were
smoothed with a 6 Hz Butterworth filter of order 4th to perform the linear envelope operation. Then to
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normalize the data during the running cycle, it was divided by the values of the maximum voluntary
isometric contraction of the same muscle and multiplied by 100. At the end, each step was time-normalized
through cubic interpolation and divided into 101 points.

Data analysis

Electromyography signals were factorized for obtaining the muscular synergy components including 1)
NCs (neural commands) and 2) SVs (synergy vectors). Non-negative matrix decomposition algorithm
methods were used to extract muscles synergies. The variance accounted for method was used to determine
the number of synergies needed to reconstruct the input matrix. According to previous studies, at each level
of synergy, if the variance accounted for value is higher than 0.9, there is no need to process information
for the next synergy [1, 2, 4]. These data processing was done using Matlab software version 2016. Shapiro-
Wilk test was used to check the normality of data distribution. Pearson correlation test was used to compare
the similarity of synergy patterns (low synergy similarity (0.0-0.29), medium synergy similarity (0.3-0.69),
high synergy similarity (0. 7-1) [1, 4]. Dependent t-test was used for detecting the relative weight of the
muscles. All steps of statistical analysis were performed using SPSS software version 24. and the
significance level was considered at P<0.05.

RESULTS

Figure 1 illustrates the patterns of muscle synergies before and after the cycling-induced fatigue protocol
during running. Using Pearson's correlation between the first synergy pattern before and after the muscle
fatigue protocol during running, the value of r=0.91 (high similarity) was obtained. The similarity of the
second synergy pattern to r=0.95 (high similarity), the similarity of the third synergy pattern to the value of
r=0.68 (average similarity), the degree of similarity of the fourth synergy pattern was obtained with the
value of r=0.59 (medium similarity) between the synergy patterns before and after the fatigue protocol
during running. Also, different onset times and peaks before and after muscle fatigue can be seen in the
synergy patterns
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Figure 1: Synergy patterns before and after the muscle fatigue protocol during running
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Figure 2 shows the relative weight of muscles before and after the fatigue protocol during running. The
relative weight of vastus lateralis muscle (P=0.012) and tibialis anterior (P=0.024) decreased significantly
after muscle fatigue. The relative weight of semitendinosus (P=0.016) and soleus (P=0.030) muscles
increased significantly after muscle fatigue.
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Figure 2: Relative muscle weight before and after the muscle fatigue protocol during running. Abreviations: RF stands
for rectus femoris, VM stands for vectus medialis, VL stands for vectus lateralis, BF stands for biceps femoris, SM
stands for semitendinosus, GM stands for gastrocnemius medial, SO stands for soleus and TA stands for tibialis
anterior muscles

Figure 3 shows the variance accounted for values for extracting four muscle synergies before and after
muscle fatigue. The variance accounted for method was used to determine the number of required synergies,
which was higher than 0.9 for muscle activity data before and after muscle fatigue at the extraction level of
four muscle synergies.
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Figure 3: Variance accounted for values before and after the muscle fatigue protocol at the extraction level of four
synergies.

DISCUSSION

The aim of this study was to determine the effect of cycling-induced fatigue on synergy of the selected
lower limb muscles among novice triathletes. Our findings showed a high similarity between first and
second synergy patterns while it was moderate for third and fourth synergy patterns. In muscular synergy
levels after fatigue protocol and according to variance accounted for value, no difference was observed in
the number of muscle synergies. This means that the central nervous system does not alter the number of
muscle synergies after muscle fatigue in triathletes. Clark et al. (2020) investigated the synergy of lower
limb muscles in individuals with stroke during walking. They extracted four synergies and reported
different changes in the relative weight of muscles along with the synergy pattern in patients with stroke.
Clark et al. were among the first to present the theory of "reduction of central nervous system organization
for movement pattern”. They pointed out that there is evidence to show that the central nervous system
organizes muscle activation with small dimensions to perform tasks [19].

Undoubtedly, using this muscle organization for the coordination of movements, muscle and nerve injuries,
diseases and biomechanical variables including muscle fatigue was unknown until then. Our results indicate
that the tendency of synergy pattern and muscle weight were different in the groups examined in their study
[19]. Oliveira et al. (2014) investigated the effect of electromyography data processing during walking,
including averaging/concatenation and number of step cycles, on muscle synergies. Their results showed
that the number of step cycles extracted for the analysis of electromyography data has no effect on
determining the number of muscles synergies, but how to process the signal could have an effect on the
final result [20]. Serrancoli et al. (2016) studied the effect of an anterior cruciate ligament injury on the
synergy pattern and relative weight of muscles. Five synergies were extracted from both injured and healthy
groups with variance accounted for above 0.9. They concluded that the central nervous system does not
change the number of synergies used after injury. This means that the way the anterior cruciate ligament
controls muscle synergy in individuals with anterior cruciate ligament injuries is not different compared to
healthy individuals. However, the activation time of synergies and the relative weight of the muscles
changed after injury to the anterior cruciate ligament. The change in synergy activation timing and relative
weight were considered as the reason for the difference in the muscle activation pattern during walking in
individuals with anterior cruciate ligament injuries, as well as the biomechanical outputs such as the
kinematics of joints [1]. Smale et al. (2016) used muscle synergy to detect muscle fatigue during the squat
movement. Their results showed that after muscle fatigue, the number of muscle synergies remains
constant, but its activation occurs at different points of the movement cycle, and the relative weight of the
muscles changes as well. They concluded that muscle fatigue by changing the neuromuscular characteristics
causes a change in the tendency of muscle synergies and the relative weight of muscles, and as a result, by
changing the tendency of muscle synergies and by activating them at different time points in the movement
cycle, they can change the movement pattern. A change in the movement pattern causes a change in the
biomechanical outputs such as the range of motion and the torque of the joints during movements, and
ultimately it will cause changes in the intensity and pattern of muscle activity [21]. Hajilou et al. (2020)
conducted a study on the effect of fatigue on the synergy of lower limb muscles of novice runners. The
results of their study revealed that muscle fatigue changed the synergy pattern and the relative weight of
muscles after muscle fatigue [22].

In the present study, after cycling-induced fatigue protocol, the tendency of the third and fourth synergies
and the relative weight of the muscles in triathletes changed during the running task. According to the
results of the present study, the high similarity in the first and second synergy (Figure 1) indicates that the
central nervous system activates the muscle groups synergistically. In the third and fourth synergy levels,
we observed a moderate similarity. In other words, the central nervous system does not synergistically
activate the muscle groups after fatigue caused by cycling at this level of synergy. These changes could be
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seen in the relative weight of the muscles (Figure 2). The relative weight of the vastus lateralis muscle and
tibialis anterior decreased significantly after muscle fatigue protocol, while the relative weight of the
semitendinosus and soleus muscles increased significantly after cycling-induced fatigue protocol.
Moreover, we can see that in the third and fourth synergy, the peak of synergy activity has occurred at
different points of the movement, consequently causing a change in the third and fourth synergies.
Rozumalski et al. (2017) examined the effect of walking slope and speed on muscle synergy. They were
interested in finding out whether muscle synergy would change due to mechanical changes or not. Their
results demonstrated that mechanical variables such as the slope and speed of walking would not change
the number of synergies required for walking, but the time points of the activation of synergies and the
relative weight of muscles in each synergy would be changed. These changes cause various biomechanical
outputs, including changes in joint angles and muscle activity levels [23]. According to Rozumalski et al.,
it can be stated that cycling-induced fatigue can change the mechanics of movement in triathletes during
running. It results in changes in muscle activity and kinetics and kinematics of movement. These changes
at the level of the central nervous system did not cause a change in the number of muscle synergies required
during running, but caused a change in the pattern of the third and fourth synergies and the relative weight
of the muscles. The change of the synergy pattern is an influential factor in coordination of the muscles in
the basic time events during the movement, which may increase the traumatic mechanisms after muscle
fatigue. By examining muscle synergy, more insight can be gained into changes and cause and effect
relationships in muscle activity after the presence of biomechanical variables such as muscle fatigue, injury,
change in environmental conditions, and the use of sports equipment. According to the previous studies, it
can be stated that muscle fatigue with changes in synergy tendencies and changes in weight of muscle can
disrupt the coordination of muscles to perform movement and this causes injuries in triathletes. When the
tendency of synergy changes after a variable such as fatigue, the pattern of using and cooperation between
the muscles and calling them into action will change in the movement, and as a result, the mechanics of the
movement will change.

CONCLUSION

According to our findings, it could be concluded that cycling-induced fatigue can affect the organized
cooperation of the central nervous system to create synergy patterns in triathletes during running task.
Consequently, disruption in synergy patterns and relative weight of muscles during running due to muscle
fatigue can change the mechanics of running in triathletes and may increase injury risk.
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