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Skeletal muscles continuously coordinate to facilitate a wide range of
movements. Muscle fiber composition and timing of activation account
for distinct muscle functions and dynamics necessary to fine tune muscle
coordination and generate movements. Here we address the fundamental
question of how distinct muscle fiber types dynamically synchronize and
integrate as a network across muscles with different functions. We uncover
that physiological states are characterized by unique inter-muscular
network of muscle fiber cross-frequency interactions with hierarchical
organization of distinct sub-networks and modules, and a stratification
profile of links strength specific for each state. We establish how this
network reorganizes with transition from rest to exercise and fatigue—a
complex process where network modules follow distinct phase-space
trajectories reflecting their functional role in movements and adaptation
to fatigue. This opens a new area of research, Network Physiology of
Exercise, leading to novel network-based biomarkers of health, fitness
and clinical conditions.

KEYWORDS

complex systems, inter-muscular coordination, muscle fibers, dynamic networks,
fatigue, synchronization, network physiology

1 Introduction

The musculoskeletal system in the human organism is a complex system composed of
hundreds of muscles each with diverse structure that respond individually and differently
to variety of environmental influences (Schwartz, 2017). Muscles and muscle groups
continuously coordinate their activation and synchronize their functions to maintain
posture, stability and balance of the body at rest, to facilitate a wide range of movements,
and adapt to exercise, training and fatigue. Employing reductionist approaches,
investigations at the microscopic scale have predominantly focused on the structure
and composition of individual muscles in relation to their specific functions through
understanding the genetic composition (Wackerhage, 2014), proteomic and metabolic
processes, energy exchange at the molecular and cellular level (Katch et al., 2006),
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neuronal activation and characteristics of individual motor
units (Farina and Merletti, 2016). At the macroscopic scale,
studies have traditionally focused on how individual muscles
respond to external and environmental inputs, generate force,
and electrophysiological patterns and dynamics across
physiological states and clinical conditions related to neuro-
and muscular-degeneration. However, it remains not
understood how distinct type muscle fibers within individual
muscles and across muscle groups dynamically synchronize
their contraction activity to generate coordinated movements
among muscles with different functions at the global organism
level. We do not know the laws of dynamic coupling and cross-
communication among muscle fibers across muscles which is
essential to provide flexibility to perform a range of movements,
and we do not know the basic principles of integration within
modules, sub-networks and networks of inter-muscular
interactions that facilitate emerging global behaviors and
different

conditions (fatigue, training) and disease.

underlie physiological states (rest, exercise),

Inter-muscular coordination is necessary for each
movement, and is associated with a specific distribution of
muscle activation or force among individual muscles to
produce moments

(Prilutsky, 2000). Muscular control during activities of

a necessary combination of joint

daily living and exercise is not limited to switching muscles
on or off but includes continuous fine-tuned coordination
among different muscle types with precise timing and degree
of activation (Kristiansen et al., 2016; Marquez et al., 2018).
Such fine-tuned coordination results from the complex
structure of skeletal muscles composed of various types
muscle fibers that are associated with the expression of
different histochemical myosin heavy chain isoforms, range
from slow (oxidative) to fast (glycolytic) fibers (Schiaffino and
Reggiani, 2011) and play distinct roles in generating a
movement and respond differently to exercise-induced
fatigue (Deshmukh et al., 2021). Distinct muscles are
characterized by different composition of slow and fast
muscle fibers that is essential for the specific function each
muscle serves in facilitating a movement. Thus, in addition to
the traditional reductionist approach with focus on individual
structural components of each muscle and their dynamic
characteristics, an integrative framework is needed to
of
coordinated interactions among muscle fibers of different

understand how muscle functions emerge out
type within a muscle, and how muscle fibers across
multiple muscles (each with different function) integrate as
a network to synchronize their activation during movement.
Current investigations have not addressed the fundamental
questions whether interactions between muscle fibers from
different muscles are characterized by distinct coupling
strength, and whether there is a unique association between
network structure of muscle fiber interactions with the role of

the muscles (e.g., major, supportive, compensatory) involved
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in a given movement, the specific physiological state (rest,
exercise) and condition (levels of fatigue, training).
Traditional technologies developed to probe muscle structure
and the composition of different type muscle fibers within a
muscle are invasive, primarily based on biopsy, and provide a
measure of the change of state for a given muscle and
corresponding muscle fibers in response to exercise, fatigue
and training, however, do not provide a real time information
on the dynamics of muscle activity in the process of movement
1967; Stalberg and Grimby, 1995).
electromyography (EMG) is and provides
information about muscle dynamics in the process of

(Engel, Surface

non-invasive

movement with high temporal resolution, however, at the
integrated level of multiple motor units embedded in the
muscle (Farina & Merletti, 2016). EMG signal amplitude and
morphology reflect neural output from the spinal cord to the
muscles, and thus, relate to the number of activated motor units
with specific discharge rates (slow, intermediate, fast) and to the
activation of corresponding muscle fibers within a muscle (Farina
et al., 2004). Movements are produced through the control of
groups of motor neurons via common neuronal inputs (Hug,
2011). When a group of motor neurons across several muscles
receives a common input from the central nervous system, the
corresponding action potentials of the different motor units
occur almost simultaneously in multiple muscle areas, leading
to an optimal muscle fiber contraction and precise movement
(Hug, 2011; Asmussen et al., 2018). Previous studies have
demonstrated that slow (type I) and fast (type II) fibers
exhibit distinct spectral properties that modulate the spectral
distribution of the entire muscle depending on the specific
muscle fiber composition (Kupa et al., 1995; Wakeling et al.,
2002; Wakeling and Rozitis, 2004; Beck et al., 2007; Wakeling,
2009; Dreibati et al., 2010; Wernbom and Aagaard, 2019; Garcia-
Retortillo et al., 2020, Retortillo et al., 2021)—with frequencies
below 40-60 Hz mainly attributed to the activity of small alpha
motor neurons and related type I (oxidative) muscle fibers;
60-120 Hz relate to medium alpha motor neurons and type
ITa fibers; and high frequencies 170-220 Hz attributed to the
large alpha motor neurons and the innervated by them type IIb
(glycolytic) muscle fibers (Grimby et al., 1979, 1981; Wakeling
et al., 2001; Dreibati et al., 2010; Rosenblum et al., 2021).
Since changes in the spectral properties of motor units are
linked to the changes in the average conduction velocity
the
conduction velocity of an active motor unit is related to fiber-

(discharge rate) of motor neurons, and average
type proportions (small diameter for type I slow fibers vs. large
diameter for type II fast fibers) and fiber activation/contraction
characteristics (Farina, 2008; Von Tscharner and Nigg, 2008;
Casolo et al., 2022), dissecting spectral components of different
frequency bands embedded in surface EMG signals is a suitable
approach to infer information on motor unit recruitment and
fiber-type contribution to muscle activation (Von Tscharner and

Nigg, 2008; von Tscharner and Valderrabano, 2010; Casabona
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et al,, 2021). Thus, investigations on inter-muscular interactions
in the frequency domain have utilized inter-muscular coherence
approaches to estimate the amount of common neural input
between two muscles during voluntary motor tasks (Ushiyama
and Ushiba, 2013), and to quantify the degree of shared neural
inputs from cortical, subcortical and spinal influences (Grosse
et al.,, 2002). While spectral coherence approaches have led to
important findings relating activity in specific frequency bands to
the role of motor cortex (Baker et al., 1997; Chang et al., 2012),
impact of movement and fatigue on inter-muscular coordination
among distinct muscles (Boonstra et al., 2008, Boonstra et al.,
2019; Kattla and Lowery, 2010; Kerkman et al., 2018, Kerkman
et al., 2020; Maillet et al., 2022; Rossato et al., 2022), or coherence
modulation with maturation (Kerkman et al., 2022), coherence-
based measures reflect linear aspects of interactions between
same frequency band (iso-frequency coupling between muscle
pairs), and cannot quantify nonlinear dynamic coupling across
frequencies (Yang et al, 2018). Thus, crucial information
regarding the coupling between distinct types of muscle fibers
with different firing rates across muscles is ignored. Currently, we
do not know the basic mechanisms underlying cross-frequency
network communication of muscle fibers across muscles groups;
the way muscle fibers of different type integrate their activity to
facilitate fine coordination among muscles with different
functions to achieve a precise movement; how this network
organization relates to basic physiological states (rest,
exercise), and dynamically evolves and adapts in response to
exercise-induced fatigue and training. Cross-frequency coupling
between different frequency bands and continuous dynamic
exchange of information within a network of frequency bands
may be the carrier mechanism for integrating local and global
processes essential to facilitate flexibility to inputs and to generate
a rich phase space of behaviors and states in a range of
physiological systems (Jirsa and Miiller, 2013; Liu et al.,, 2015;
Lin et al., 2016, Lin et al., 2020; Rizzo et al., 2020; Chen et al.,
2022). This underlines the necessity to go beyond traditional
approaches and explore muscle function and muscle
coordination through networks of muscle fiber interaction.
Here we apply a Network Physiology framework (Bashan
et al., 2012; Ivanov and Bartsch, 2014; Bartsch et al., 2015; Ivanov
et al,, 2016; Ivanov, 2021) to explore how muscle fibers from
different muscles synchronize their activity during movements.
We develop a new analytical approach and experimental protocol
where cross-frequency coupling across muscle groups is studied
during rest and repeated periods of prolonged maximal exercise
(Section 2.2, Methods). The neuro-muscular system presents a
complex network organization of muscle groups and muscle
fibers which dynamically interact in a non-linear way to
coordinate functions and generate movements. Recent studies
have demonstrated that skeletal muscles are characterized by 1)
spectral power profiles that are specific for different-type
muscles, and 2) the different frequency bands within the

spectral profile of a given muscle (which are associated with
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the activity of distinct muscle fiber types) exhibit a differentiated
response during different physiologic states (rest, exercise) and
with accumulation of fatigue (Garcia-Retortillo et al.,, 2020;
Garcia-Retortillo et al., 2021). This raises the hypothesis that
interaction among muscle fibers and coupling between their
respective frequency bands is essential for generating
with  different

functions to support the body at rest and to facilitate

synchronized activation across muscles
coordinated movements. Coordinated network interactions of
muscle fibers across muscles could be achieved through several
potential principles of network integration where 1) interactions
among muscle fibers within a given muscle vertically integrate
into global output muscle dynamics which synchronize with the
global dynamics from another muscle; 2) muscle fibers of a given
type within a muscle synchronize with the same type fibers from
another muscle through horizontal network; or alternatively 3)
all types muscle fibers of a given muscle synchronize to various
degree of coupling their frequency bands activity with all fibers
from another muscle, leading to a scenario with highest degree of
complexity in network interactions to account for maximum
precision of synchronization among distinct muscles and to
maximum flexibility in response to various tasks, exercise
demands and levels of fatigue. We also hypothesize that
muscle fiber network interactions exhibit specific hierarchical
organization of coupling (network links) strength for each pair of
muscles involved in a given movement depending on the muscle
type and function (e.g., major, supportive, compensatory) in the
context of the movement, and thus, different network structure
and dynamics of muscle fiber interactions would characterize
distinct physiological states (rest, exercise). Further, we
that the
activation) among muscle fibers across muscles changes with

hypothesize degree of coupling (synchronous
accumulation of fatigue, and exhibits differentiated response
depending on the muscle fiber type (frequency bands) and
muscle function, thus, leading to hierarchical reorganization of
the network.

Given that coordination between trunk and leg muscles is
required for variety of functional tasks, there is a need to quantify
the complex dynamics underlying muscle fiber network
between these their
coordination changes over prolonged periods of extended and

interactions muscles, and how
repeated exercises. To this end, we use a protocol including
repeated long bouts of squat exercise performed until exhaustion
(Garcia-Retortillo et al., 2020). The squat test can be considered
as an administrable and reliable tool to assess coordination
among different muscle fibers across muscles groups (Bianco
et al,, 2015; McAllister and Costigan, 2019). We analyze EMG
data from muscles with high myoelectrical activity during the
squat movement, but with distinct histochemical composition
and different levels of activation and contribution to the exercise
effort (Khaiyat and Norris, 2018): 1) erector spinae back muscle
composed predominantly of type I muscle fibers (Cagnie et al.,
2015) and 2) vastus lateralis leg muscle with higher percentage of
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type II muscle fibers (Vromans and Faghri, 2018; Nederveen
et al., 2020).

We address the fundamental question of how distinct muscle
fiber types dynamically synchronize with each other and
integrate as a network across back and leg muscles during rest
and exercise, and how the network of muscle fiber interactions
reorganizes with accumulation of fatigue. We uncover that each
physiologic state (rest, exercise) is characterized by a unique
inter-muscular network organization with state-specific patterns
in network links strength stratification reflecting complex cross-
frequency communication among distinct types of muscle fibers
across muscles, and that inter-muscular coupling strength
between muscle fibers dramatically increases with transition
from rest to exercise to coordinate force generation under
higher physiological demand. Our analyses show that the
inter-muscular network of muscle fiber interactions exhibits a
hierarchical structure of sub-networks and modules with distinct
profiles of links strength stratification depending on the type of
muscle fiber—each muscle pair presents specific signature of
cross-frequency communication to synchronize activation
among distinct muscle fibers types, which depend on muscle
histochemical characteristics and on the role each pair of muscle
plays (e.g., major, supportive, compensatory) during squat
movements. Further, we uncover that network structure and
inter-muscular interaction profiles among muscle fibers
dynamically reorganize with accumulation of fatigue, where
different sub-networks and modules corresponding to
different pairs of muscles exhibit a differentiated response of
decrease or increase in the degree of coupling (network links
strength) among muscle fibers. Notably, the proposed here
dynamic network approach allows to track how coordination
between muscle pairs in the process of movement gradually
evolves with exercise and progression of fatigue, and to establish
a novel phase diagram representing the relative contributions of
each pair of muscles based on their role in the movement. The
reported empirical findings break new ground in the study of
inter-muscular interactions through detailed quantification of
the role different muscle fibers play in generating muscle
coordination, provide new understanding of the basic
physiological mechanisms of muscle fiber network integration,
and can help derive novel network-based measures to assess
effects of sports performance, fatigue, overtraining or muscle-
skeletal injuries.

2 Methods
2.1 Subjects

Fourteen healthy young adults (six males and eight females;
age 22.19 * 3.56 years, height 174.69 + 10 cm, and mean body
mass 66.81 + 13.39 kg) were recruited from a larger pool of
undergraduate students from the University of Girona, Spain.
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With the aim of ensuring a homogenous sample, participants
were strictly recruited according to the following inclusion
criteria: 1) aged 20-30years; 2) BMI (in kg/m?) >
18.5 and <30; 3) normal physical activity >5 and <10 h/week,
but without sport specialization (not active athletes), and 4)
blood pressure <140/90 mmHg. The following exclusion
criteria were applied: 1) intake of prescribed drugs that could
negatively affect muscle strength, such as corticosteroids; 2) no
current or previous injury that could prevent performance during
the experimental protocol test, and 3) any other physical
condition (cardiac, respiratory etc.) that may have prevented
the performance of a test protocol involving squat exercise until
exhaustion. The experimental protocol was approved by the local
ethical committee, and was carried out according to the Helsinki
Declaration. Before taking part in the study, participants read the
study description and risks, and signed an informed consent.

2.2 Study design and test protocol

In the utilized experimental protocol (schematic diagram
shown in Figure 1C) participants visited the laboratory for two
sessions, separated by a 2-day interval. During the first session
(i.e., familiarization), participants practiced the squat test until
they were able to execute the movement according to protocol
(see study test protocol below). In the second session,
participants  performed the study test protocol, and
physiological data were recorded.

The protocol consists of consecutive rest and exercise
segments: 1) 10-min rest period in supine position (Rest 1); 2)
squat test performed until exhaustion (Exercise 1); 3) 10-min rest
in supine position (Rest 2); 4) squat test performed until
exhaustion (Exercise 2); 5) 10-min rest period in supine
position (Rest 3); 6) squat test performed until exhaustion
(Exercise 3), and 7) 10-min rest period in supine position
(Rest 4).

Rest segments. During Rest 1, 2, 3, and 4 periods participants
laid down in a supine position on a massage table. With the aim
to avoid joint compression and facilitate relaxation, a pillow was
placed under the participants’ knees. A second pillow was placed
under the participants” back to avoid contact between the back
electrodes and the table.

Exercise segments. During Exercise 1, 2, and 3 segments
participants performed a squat test (Figure 1B) until exhaustion
according to the following instructions: 1) feet placed apart a bit
wider than shoulder-width; 2) arms extended out straight; 3)
movement initiation by inhaling and unlocking the hips, slightly
bringing them back; 4) keep sending hips backward as the knees
begin to flex; 5) squat down until touching a guiding rope
designed to secure that all participants perform the same
range of movement (see details below); 6) return to standing
position, and 7) repeat the squat movement until exhaustion. The
guiding rope was placed at a height corresponding to the level of
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FIGURE 1

Experimental set up, exercise protocol and cross-correlation matrices representing networks of inter-muscular interactions among rhythms
corresponding to the activation of different muscle fibers during rest and exercise. (A) EMG electrodes placement (red dots) of simultaneously
recorded muscle groups: left and right vastus lateralis (LegL and LegR muscles); left and right erector spinae (BackL and BackR lower back muscles).
(B) Schematic representation of squat movement that requires continuously coordinated activity between lower back and leg muscles. (C) EMG
signals from a typical healthy subject represent the evolution of myoelectrical activity for each muscle group shown in (A) during rest and repeated
exercise bouts consisting of consecutive squat movements, where the EMG amplitude increases with progression of fatigue during the study test
protocol (Section 2.2, Methods). The exercise protocol comprises three consecutive squat bouts (Exercise 1, 2 and 3), each performed until
exhaustion, separated by 10-min rest periods in supine position. (D) Inter-muscular cross-correlation matrices where matrix elements represent the
group average coupling (degree of synchronization) between rhythms of myoelectrical activation corresponding to the activity of different muscle
fibers for all pairs of muscle groups (LeglL-LegR, LeglL-BackL, LegL-BackR, LegR-BackL, LegR-BackR, BackL-BackR) during rest and exercise bouts.
Each matrix represents a sub-network of inter-muscular interactions with complex organization of network links (coupling strength) among
(Continued)
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myoelectrical rhythms (10 frequency bands F1, F2, ..., F10 with equal width of 19.5 Hz in the intervals (5-45 Hz) and (55-215 Hz); see Methods)

for each pair of muscle groups (matrix rows correspond to the first muscle group and matrix columns to the second muscle group in the pair; color
code in vertical bars indicates coupling strength). (E) Stratification in the average coupling strength for each inter-muscular sub-network during Rest
1 and Exercise 1 — bars represent the matrix elements average value for each matrix shown in (D). Error bars on top of each bar indicate the
standard error; horizontal black dotted line marks the threshold of physiological significance for network interactions of myoelectrical rhythms
(muscle fibers) across muscle groups based on a surrogate test where rhythms from different subjects are randomly coupled (Section 2.6, Methods).

participants’ thighs at the bottom of the squat movement when
thighs are parallel to the ground. Participants were instructed to
keep their chest up, weight over the heels, and not to allow knees
falling into a valgus position (Bianco et al., 2015). Given that the
back squat is more commonly used in training and every day
movement compared to the front squat variation (Yavuz et al,
2015), and since the front squat requires higher ankle mobility
(loss of ankle dorsiflexion is a common feature in general
population) (Rabin and Kozol, 2017), the back squat was
selected for the exercise protocol in the current study. The
squatting pace was controlled by a metronome (MetroTimer
version 3.3.2, ONYX Apps), using a 3:3 tempo with 3 s down
movement and 3 s up. Thus, one single squat lasts 6 s. Since in
our protocol squat movements during each exercise segment
were performed till exhaustion, each squat exercise segment
finished when participants were not able to do the next squat
down/up movement or, alternatively, when they could not
maintain the required 3:3 squat tempo.

The repetition of three consecutive squat exercise segments
performed until exhaustion, allows to identify the effect of
accumulated fatigue on Leg and Back muscles, and track the
evolution of muscle network interactions across exercise
segments.

2.3 Electromyography acquisition and
EMG signal processing

Participants were asked to wear appropriate clothing that
would not obstruct EMG electrode placement sites. Before the
mounting of the EMG electrodes, participants’ skin was shaved
and cleaned using alcohol, and left to dry for 60 s to reduce the
myoelectrical impedance, according to the SENIAM guidelines
(Hermens, 2000). EMG signals from the following muscles were
recorded simultaneously during the entire exercise protocol: left
and right vastus lateralis (Leg-Left and Leg-Right muscles); left
and right erector spinae longissimus (Back-Left and Back-Right
lower back muscles). The exact location of the surface electrodes
(Ag/AgCl bipolar surface electrodes, Sorimex, Torun, Poland)
placement on each muscle group was also carried out according
to the recommendations of SENIAM organization. More
specifically, vastus lateralis electrodes were placed at 2/3 on
the line from the anterior spina iliaca superior to the lateral
side of the patella, and the erector spinae electrodes were located
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at a 2-finger width lateral from the spinous process of vertebra L1
(Figure 1A). After the electrodes were secured, a quality check
EMG validity. The
aforementioned Leg and Back muscles were selected since
the highest
bodyweight squat movement (Khaiyat and Norris, 2018).

was performed to ensure signal

they present myoelectrical activity during

Data were recorded using Biopac MP36 (Biopac Systems Inc.,
Goleta, CA, United States) and processed by means of Matlab
(Mathworks, Natik, MA, United States). Raw data was recorded
at a sample frequency of 500 Hz and filtered online using a
5-250 Hz band-pass filter. A Notch filter was used with a width of
1 Hz at the frequency of 50 Hz (i.e., 49.5-50.5 Hz) to remove line
interference from the grid. All EMG recordings were visually
inspected and only signals without noise artifacts and missing
data were utilized in the analysis.

2.4 Spectral decomposition

To uncover how distinct muscle fibers dynamically
coordinate and synchronize their activation and integrate
as a network across different muscle groups to generate
optimal function during the squat movement, we first
segment the EMG signals from the left and right vastus
lateralis (Leg-Left and Leg-Right muscles) and the left and
right erector spinae longissimus (Back-Left and Back-Right
lower back muscles) into 2-s non-overlapping time windows
across consecutive Rest and Exercise periods. Within each 2-s
time window, we extract the spectral power S(f) from each
EMG signal using the “pwelch” function in Matlab, based on
the discrete Fourier transform (DTF) and the Welch’s
overlapped segment averaging estimator. For each time
window we obtain a spectral power value in bins of 0.5 Hz
for the range (5-250 Hz), that is, N = 500 is the number of
spectral power data points for each window of 2 s. To probe
specific contributions from different frequency bands F; to the
spectral power within each 2-s time window of the EMG
signal, we consider 10 frequency bands with equal width of
19.5 Hz. These frequency bands correspond to the range of
activity of different types of muscle fibers in each Leg and Back
Muscle, i.e., F1 = (5-24.5Hz), F2 = (25-44.5Hz), F3 =
(55-74.5Hz), F4 = (75-94.5Hz), F5 = (95-114.5 Hz), F6 =
(115-134.5 Hz), F7 = (135-154.5 Hz), F8 = (155-174.5 Hz),
F9 = (175-194.5 Hz) and F10 = (195-214.5 Hz).
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We calculate the sum of the power S( f) across all frequency
bins within each frequency band: S(f): = Y1, S(fi), where f;
are all n = 39 frequencies considered in each frequency band F;.
Thus, we obtain 10 time series of EMG band power S( f) with 2-s
resolution for each muscle during rest and exercise protocol
segments, representing the dynamics of all representative EMG
frequency bands. Frequencies below 40-60 Hz (corresponding to
our frequency bands F1, F2 and F3) are attributed to the activity
of small alpha-motor neurons that innervate type I slow muscle
fibers. The frequency range 60-120 Hz (bands F4, F5, F6 and F7)
are attributed to medium alpha-motor neurons that innervate
type Ila intermediate (oxidative) fibers, and high frequencies in
the range 170-220 Hz (bands F8, F9 and F10), correspond to
large alpha-motor neurons that connect to type IIb fast
(glycolytic) fibers (Grimby, Hannerz, & Hedman, 1979
Grimby, Hannerz, & Hedman, 1981; Wakeling, Pascual, Nigg,
& Von Tscharner, 2001; Dreibati et al., 2010). The (45-54.5 Hz)
range is filtered out by the Notch filter centered at 50 Hz to
remove interference from electric grid, which modifies the EMG
signal altering the spectral power of frequencies around 50 Hz.
The obtained ten times series of EMG spectral power for each
band F; are then normalized to zero mean (p = 0) and unit
standard deviation (¢ = 1). The obtained time series of EMG
power S( f) in each frequency band F; capture not only the quasi-
stationary behavior of distinct EMG frequency bands during a
specific physiological state (i.e., high or low EMG amplitude
corresponding to a given state) but also reflects the micro-
architecture (in 2-s resolution) of synchronous modulation in
the amplitude of muscle activation within a given physiological
state that gives rise to effective couplings, and allows to track
variations in coupling and network interactions of EMG
frequency bands F; (corresponding to muscle fibers with
distinct function) across different muscle groups with
transitions from Rest to Exercise and with accumulation of
fatigue for repeated exercise bouts (Figure 1C).

2.5 Cross-correlations between time
series of EMG spectral power in different
frequency bands

To investigate cross-frequency interactions among muscle
fibers (corresponding to EMG frequency bands) that occur as a
result of synchronous modulation of their spectral amplitudes at
short timescales on top of large scale quasi-steady state behavior
associated with specific physiologic states, we consider all pairs of
major muscle groups involved in squat movement: 1)
interactions of all frequency bands from same-type muscles
(LegL-LegR and BackL-BackR) and 2) different-type muscles
(LegL-BackL, LegL-BackR, LegR-Back and LegR-BackR). For
each protocol segment (Rest, Exercise 1, Exercise 2 and
Exercise 3) and for each muscle pair, we calculate the
bivariate equal-time Pearson’s cross-correlation for all pairs of
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time series representing EMG spectral power S(f) in the
frequency bands F; where i = 1, ... ,10. This leads to 10 x
10 = 100 cross-correlation values C;; for each pair of muscles, as
the
(Figure 1D)—i.e., C;; quantifies the degree of coupling EMG

shown in inter-muscular  cross-correlation matrices
frequency band F; from one muscle with the frequency band F;
from another muscle. The cross-correlation values range from
CI,J
correlated), with C;; = 0 indicating the absence of linear

= -1 (fully anti-correlated) to Ci; = 1 (fully positively

relation between the power S(f) time series of two EMG
Networks

interactions are derived from the cross-correlation matrices in

frequency  bands. representing  inter-muscular
Figure 1D, where the matrix for a given pair of muscles at a given
state (Rest or Exercise) corresponds to a sub-network with
network links representing the degree coupling (synchronous
activation) of distinct muscle fibers (frequency bands) from the
two muscles. A multiplex network of sub-networks is obtained to
visualize interactions among muscle fibers from all pairs of
muscle groups and their hierarchical organization within the
network, where higher cross-correlation values correspond to
stronger network links (Figure 2A).

2.6 Fourier phase randomization
surrogate test and significance threshold
for links strength in networks of inter-
muscular interactions

To demonstrate the physiological significance of the
networks of inter-muscular interactions obtained from our
empirical analysis, we perform a Fourier phase randomization
surrogate test on the EMG signals recorded from the four
major muscle groups (LegL, LegR, BackL and BackR) during
squat movement. The test preserves the global spectral power
in the different frequency bands F; within the EMG recording
but destroys Fourier phase information related to nonlinear
EMG characteristics. Thus, the test eliminates heterogeneities
in the fine temporal structure associated with short time scale
modulations in the spectral dynamics of EMG frequency
bands F; within a muscle, which reflect activation patterns
of different muscle fiber types. Note that in the Fourier-phase-
randomized surrogate EMG signals the relative ratios among
the average spectral power of muscle activation in the
frequency bands F; are preserved, while synchronous
that underlie

effective cross-frequency coupling and account for the

modulations in EMG frequency bands
nonlinear characteristics of EMG signals are eliminated. As
aresult, the degree of coupling between EMG frequency bands
F; from different muscles is significantly reduced after the
Phase procedure,
physiologically relevant information regarding coordinated

Fourier Randomization since

and synchronous activation of distinct type muscle fibers from
different muscles is lost.
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Further, to test the statistical significance and physiological
relevance of the observed hierarchical network organization of
inter-muscular interactions (Figures 2-4), the specific profiles of
links strength within sub-networks representing different muscle
pairs and their reorganization with fatigue (Figures 5, 6), we
perform an additional step in our surrogate test to establish the
significance threshold for network links strength. Specifically, for
each network link, surrogates are generated considering signals
from each combination of two randomly chosen subjects. Since
we have 14 subjects in the database, 91 pairs of random subject
combinations are generated. Each muscle pair involves 100 links
within the corresponding sub-network between 10 frequency
bands F; (muscle fibers) of each muscle. Thus, combining the six
sub-networks representing all muscle pairs we obtain a
distribution of 54,600 surrogate links (cross-correlation values)
for each protocol segment (Rest, Exercise 1, Exercise 2 and
Exercise 3)— ie., 6 muscle pairs x 100 links x 91 subject
combinations = 54,600 surrogate links. For each protocol
segment distribution the mean p,,, and standard deviation
Ogr are obtained. Thus, the significance threshold at 95%
confidence level for the network links strength is defined as
Weurr + 204, for each protocol segment. We find that the
significance threshold for network links strength during Rest
is Thyest = 0.120 and during Exercise is Theyercise = 0.116
(corresponding to the highest Th value during the exercise
The threshold is
represented by horizontal dashed black lines in all figure

segments. physiological  significance
panels showing bar plots of group average links strength
within sub-networks, network modules (Figures 2-4) and

profiles of individual links strength (Figures 5, 6).

2.7 Inter-muscular cross-correlation
matrices

Group-averaged cross-correlation matrices represent
pairwise coupling strength between the ten frequency
bands F; of one muscle with the same bands derived from
another muscle (i.e., 6 distinct muscle pairs: LegL-LegR,
LegL-BackL, LegL-BackR, LegR-BackL, LegR-BackR and
BackL-BackR) during a given protocol segment (Rest,
Exercise 1, Exercise 2 and Exercise 3) (Figure 1D). Matrix
elements indicate the group-averaged (for all 14 subjects in
the database) coupling strength between a frequency band
that represents the activation of a specific muscle-fiber type in
a given muscle and a frequency band from another muscle.
The dynamics of each muscle is represented by 10 EMG
frequency bands with equal width of 19.5Hz in the
interval (5-215 Hz) (Section 2.4, Methods), and thus, each
of 100
coefficients) representing muscle fiber interactions for each

matrix consists elements (cross-correlation
pair of muscles at a given physiological state (Rest or Exercise;

Figure 1D).
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2.8 Inter-muscular interaction networks

To visualize the information provided by the inter-muscular
cross-correlation matrices, we map the group-averaged matrices
in Figure 1D into different networks for the Rest, Exercise 1,
Exercise 2 and Exercise 3 segments of our protocol. The graphical
approach we employ is essential to identify universal patterns in

the inter-muscular network structure, the hierarchical
organization of sub-networks and modules, and to track the
transition in network characteristics across different

physiological states. Each muscle is represented by a
semicircle where color nodes represent distinct frequency
bands F; corresponding to different muscle fiber types in the
muscle (Section 2.4, Methods). Network links correspond to the
values of cross-correlation matrix elements C;; in Figure 1D and
reflect the coupling strength between the frequency bands from
two different muscles, where the frequency bands nodes and links
for each pair of muscles form a separate sub-network (Figures 2,
3). Links strength is marked by line color and width-we use
distinct link color-code to demonstrate the contrast in network
structure  between  physiological ~states and network
reorganization with fatigue. To illustrate the differences in
network organization for Rest vs. Exercise (Figure 2) we use
the following links strength classification: weak links (0.2 < C;; <
0.35; very thin grey lines); intermediate links (0.35 < Ci,j < 0.50;
thin green lines); strong links (0.50 < C;; < 0.65; dark blue thick
lines) and very strong links (C;; > 0.65; magenta very thick lines).
To represent how network organization changes with fatigue
across exercise segments (Figures 3, 4) we use a different links
strength classification: weak links (0.45 < C;; < 0.55; very thin
grey lines), intermediate links (0.55 < C;; < 0.65; thin green lines),
strong links (0.65 < C;; < 0.75; dark blue thick lines) and very
strong links (Ci; > 0.75; magenta very thick lines). Links
corresponding to cross-correlation values Cy < 0.2 (Figure 2)
and Cj; < 0.45 (Figures 3, 4) are not shown in the network maps as
they are close to the significance threshold. Note that the
significance threshold at 95% confidence level for network
links strength during Rest is Th,e = 0.12 and during Exercise
is Theyercise = 0.116.

To visualize the hierarchical organization of inter-muscular
network interactions among muscle fibers (frequency band Fy)
from different muscles, the entire multiplex networks for Rest,
Exercise 1, Exercise 2 and Exercise 3 are presented separately as
sub-network maps for all pairs of muscles and distinct modules
within the sub-networks. Each sub-network map corresponds to a
muscle pair for a given protocol segment and follows the same color-
code as in the original network. We obtain two types of sub-
networks: 1) same-type muscle sub-networks (LegL-LegR and
BackL-BackR; Figures 2, 3), and 2) sub-networks of different
muscle types (LegL-BackL, LegL-BackR, LegR-BackL and LegR-
BackR; Figure 4). For all sub-networks, we show selected network
modules for frequency bands F2, F3, F5, F8 and F10 that represent

the activation of type I, type Ila and type IIb muscle fibers. We
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Networks of interactions among muscle fibers across muscle groups. (A) Dynamic networks of inter-muscular interactions between the four
major muscle groups involved in squat movement show markedly distinct organization during Rest and Exercise. Network maps are obtained based
on the group-averaged cross-correlation matrices for the Rest 1 and Exercise 1 periods shown in Figure 1D. Network links correspond to the matrix
elements and represent the coupling strength between rhythms of myoelectrical activation (frequency bands F;), quantifying the degree of
synchronous activity of muscle fibers from different muscle groups. Inter-muscular network interactions are heterogeneous with hierarchical

(Continued)
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organization of link strength within sub-networks for pairs of muscle group. Each muscle is shown as a semi-circle, where color nodes
represent frequency bands (Section 2.4, Methods) associated with the activity of distinct muscle fiber types within each muscle group. Links strength
is marked by line color and width (Section 2.8, Methods). (B) Hierarchical structure of links strength for the same-type muscle LegL-LegR and BackL-
BackR sub-networks during Rest and Exercise. Shown are only the sub-network modules for low (F2, F3), intermediate (F5) and high (F8, F10)
frequency bands extracted from the network maps in (A) using the same color code. (C) Stratification profiles of links strength for the same-type
muscle Legl-LegR and BackL-BackR sub-networks during Rest and Exercise, shown by six bars corresponding to the group-average links strength
of all muscle fiber interaction modules in each sub-network. Error bars indicate the standard error. Black dashed line marks the threshold of
physiological significance for network links strength obtained from a surrogate test where frequency bands from different subjects are paired

(Section 2.6, Methods).

quantify the hierarchical organization and stratification of links
strength within the distinct modules in order to 1) understand how
distinct muscle fibers from different muscles coordinate their
activation and cross-communicate as a network to support
posture during Rest and facilitate movement during Exercise, and
to 2) associate network structure with the specific role (major,
supportive or compensatory) different muscle pairs play during
exercise and with accumulation of fatigue.

To further dissect inter-muscular interactions, we obtain
stratification profiles of links strength for each sub-network,
and we track how the stratification profiles are modulated
with fatigue during repeated exercise bouts. For each protocol
bout and all sub-network representing different pairs of muscles,
we calculate the average links strength for distinct modules
within the sub-network (corresponding group-averaged cross-
correlation matrix in Figure 1D). Considering that each sub-
network represents the interactions between EMG frequency
bands for a given pair of muscles, we analyze the following
network modules of cross-frequency coupling in each sub-
[(F1-F2)—(F1-F2)] bands
interactions: average value of the coupling (matrix elements in

network: Low-low frequencies

Figure 1D) between frequency bands (F1-F2) from one muscle
with (F1-F2) from another muscle; Low-intermediate frequencies
[(F1-F2)—(F3 ... F7)] bands interactions: average value of the
coupling between frequency bands (F1-F2) from one muscle with
(F3, F4, F5, F6, F7) from another muscle; Low-high frequencies
[(F1-F2)—(F8 ... F10)] bands interactions: average value of the
coupling between frequency bands (F1-F2) from one muscle with
(F8, F9, F10) from another muscle; Intermediate-intermediate
frequencies [(F3 ... F7)—(F3...F7)] bands interactions: average
value of the coupling between frequency bands (F3, F4, F5, F6,
F7) from one muscle with (F3, F4, F5, F6, F7) from another
.10)]
bands interactions: average value of the coupling between

muscle; Intermediate-high frequencies [(F3 ... F7)—(F8 ..

frequency bands (F3, F4, F5, F6, F7) from one muscle with
(F8, F9, F10) from another muscle; High-high frequencies [(F8
... F10)—(F8 ... F10)] bands interactions: average value of the
coupling between frequency bands (F8, F9, F10) from one muscle
with (F8, F9, F10) from another muscle (Figures 2C, 3C, 4B).
Finally, we quantify the heterogeneity of each sub-network as
the degree of stratification (spread) of the profile for the average
links strength for all sub-network modules, and how the
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stratification profiles of all sub-networks change with fatigue
during exercise bouts, by taking the difference between the
strongest and weakest link in each module of a given sub-
network (i.e., largest and smallest cross-correlation value C for
each row in the group-averaged cross-correlation matrix
corresponding to a given pair of muscles, Figure 1B) (Figure 7).

2.9 Statistical tests

Statistical analyses were performed using SPSS (version 23;
SPSS, Inc.). All data were tested for normality by using a Shapiro-
Wilk test. To assess changes between protocol segments in
coupling strength for distinct network modules (Figures 2C,
3C, 4B, 5, 6) as well as in sub-networks heterogeneity
(Figure 7), we perform a Wilcoxon matched-pairs test. To
investigate changes in links strength within modules (Figures
5, 6) we use the Friedman ANOVA test. We establish an alpha-
level of 0.05 for all statistical tests.

3 Results

We identify and characterize inter-muscular network of muscle
fibers interactions during Rest and Exercise, and investigate how
synchronous activity of muscle fibers and network organization
changes across repeated exercise segments with accumulation of
fatigue. We consider myoelectrical activity from muscles with
different function—left and right leg vastus lateralis muscles
(Leg-Left and Leg-Right), and left and right lower back erector
spinae muscles (Back-Left and Back-Right). EMG signals from the
four muscles were simultaneously recorded during supine rest and
squat test performed till exhaustion (Section 2.2, Methods; Figures
1A-C). To identify how distinct muscle fibers dynamically
coordinate and synchronize their activation, and integrate as a
network across muscle groups to facilitate resting state or
movement, we decompose the recorded EMG signals in ten
frequency bands corresponding to the discharge of different
motor neurons and related to them muscle fibers (Section 2.4,
Methods; (Grimby et al.,, 1979, 1981; Wakeling et al., 2001; Dreibati
et al, 2010; Rosenblum et al., 2021). Thus, in our network each
muscle is characterized by ten network nodes (Figure 1D), which
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FIGURE 3

Networks of interactions among muscle fibers across muscle groups and their reorganization with fatigue. (A) Dynamic networks of inter-
muscular interactions between major muscle groups involved in squat movement show network evolution for repeated bouts of exercise and
reorganization with accumulation of fatigue. Network maps are obtained based on the group-averaged cross-correlation matrices for Exercise 1, 2,
and 3 shown in Figure 1D, where network links correspond to the cross-correlation matrix elements and represent the coupling strength

between rhythms of myoelectrical activation (frequency bands) corresponding to the degree of synchronous activity of muscle fibers from different
(Continued)
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muscle groups. Inter-muscular interactions form a multiplex network with marked heterogeneity characterized by different topology and
hierarchical organization of links strength for sub-networks representing pairs of same- and different-type muscle groups. Muscle groups are shown
as semicircles where color nodes represent distinct frequency bands (Section 2.4, Methods) associated with the activity of distinct muscle fiber types
within each muscle group. Links strength is shown by line color and width (Section 2.8, Methods). (B) Hierarchical structure of links strength for

the same-type muscle LegL-LegR and BackL-BackR sub-networks during Exercise 1 which play main role in squat movement, and their
reorganization with accumulation of fatigue during Exercise 2 and 3. Shown are as examples the sub-network modules for low (F2, F3), intermediate
(F5) and high (F8, F10) frequency bands extracted from the network maps in (A) using the same color code. (C) Stratification profiles of links strength
for the same-type muscle LegL-LegR and BackL-BackR sub-networks and profile reorganization for consecutive exercise bouts in response to
accumulation of fatigue. Links strength stratification profiles for the LegL-LegR and BackL-BackR sub-networks are shown by six bars corresponding
to the group-average links strength of all muscle fiber interaction modules in each sub-network. Error bars indicate standard error. Black and red
stars indicate statistically significant differences in links strength for all modules comparing Exercise 2 vs. Exercise 1, and Exercise 3 vs. Exercise 1,

respectively (Wilcoxon test p values <0.04).

interact with the nodes representing fiber dynamics in the other
muscles leading to complex network organization (Figure 2A). We
then quantify pair-wise coupling between the spectral power of
frequency bands, and derive network interactions among distinct
muscle fiber types across all muscles. Group-averaged cross-
correlation matrices representing intermuscular muscle fiber
interactions for Rest and Exercise segments show complex
heterogeneous structure (Figure 1D), where matrix elements
represent the pairwise coupling strength between the ten
frequency bands for each pair of muscles (sub-networks LegL-
LegR, LegL-Backl, LegL-BackR, LegR-BackL, LegR-BackR and
BackL-BackR) during all protocol segments (Rest, Exercise 1,
Exercise 2 and Exercise 3).

Our results demonstrate that each state (rest or squat exercise)
is uniquely characterized by a specific ensemble of interaction sub-
networks (distinct heterogenous matrices) representing all pairs of
muscle groups, where each sub-network exhibits a unique pattern
of synchronization (hierarchical structure in network links
strength) among myoelectrical rhythms representing muscle
fibers with different physiological functionality within each
muscle group. Specifically, intermediate and high frequency
myoelectrical rhythms are strongly coupled for the BackL-
BackR interaction sub-network during supine Rest (matrix
elements in warm colors, Figure 1D), while all frequency
rhythms (all type muscle fibers) are decoupled for the LegL-
LegR and Leg-Back sub-networks (matrix elements in dark blue
colors below the physiologically significant threshold, Figure 1D
and Section 2.6, Methods). In contrast, during Exercise there is
significantly elevated degree of coupling and synchronization in
the activity of muscle fibers for all pairs of muscle groups (coupling
strength above the threshold of physiological significance; matrix
elements in warm colors, Figure 1D), with distinct matrix structure
for the LegL-LegR, BackL-BackR and Leg-Back interaction sub-
networks. During supine rest the average coupling strength in all
inter-muscular sub-networks is below the significance threshold
except for the BackL-BackR sub-network (Figure 1E), reflecting
higher muscle tone in Back muscles necessary to maintain supine
rest associated with higher fraction of type I slow (low frequency)
muscle fibers. Note that the average coupling strength for all sub-
networks (pairs of muscle groups) during Exercise 1 increases
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dramatically multiple times, with significantly higher coupling
strength for the same-type muscle sub-networks LegL-LegR and
BackL-BackR (Figure 1E). For repeated bouts of Exercise 1, 2 and
3 we find a significant reorganization in all inter-muscular sub-
networks (pairs of muscles), indicating changes in the
coordination and degree of synchronous activation among
muscle fibers across muscles with accumulation of fatigue.

These observations indicate that distinct physiological states
such as rest, exercise and fatigue there are characterized by a
unique signature of network communication underlying the
coordination of muscle fiber activity across muscles. With
transition from rest to exercise, inter-muscular interactions
exhibit: 1) a dramatic increase in the coupling strength for all
sub-networks, with stronger interactions among muscle fibers
within same-type muscle sub-networks (LegL-LegR and BackL-
BackR) compared to sub-networks of different muscle type
(LegL-BackL, LegL-BackR, LegR-BackL and LegR-BackR)
(Figure 1E), and 2) specific signatures of cross-frequency
communication for each sub-network in order to synchronize
activation among distinct muscle fibers and coordinate force
generation across muscles with different functions. For repeated
exercise segments, our analyses demonstrate a complex
hierarchical reorganization in the coupling strength of muscle
fibers where distinct sub-networks within the entire inter-
muscular network respond in a targeted way to overcome
reduced motor neuron excitability with accumulation of
fatigue—e.g., while the coupling strength of same-type muscle
sub-networks is reduced due to fatigue, sub-networks of
different-type muscles increase their strength of interactions
(Figure 1D). These general observations reflect the existence
of a previously unrecognized mechanism of inter-muscular
interactions mediated through synchronous activation of
distinct muscle fiber types.

3.1 Inter-muscular interaction networks:
Rest vs. exercise

To quantify how inter-muscular networks of muscle fiber
interactions change with transition from rest to exercise, we map
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FIGURE 4

Sub-networks representing synchronous activity of muscle fibers for pairs of different muscle types and network evolution for repeated bouts
of exercise. (A) Hierarchical organization of links strength in two sub-networks showing muscle fiber interactions between different types of muscles
LegR-BackR and LegR-BackL, which play supportive/compensatory role in squat movement. Shown are examples of sub-network modules for low
(F2, F3), intermediate (F5) and high (F8, F10) frequency bands (representing the activity of different muscle fibers within each muscle group)
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extracted from the network maps in Figure 3A using the same color code. A similar network structure and reorganization across exercise bouts

is observed for the other two sub-networks LeglL-BackL and LegL-BackR of different muscle types (not shown). (B) Stratification profiles of links
strength for the different-type muscles LegR-BackR and LegR-BackL sub-networks and profile reorganization for consecutive exercise bouts in
response to accumulation of fatigue. Stratification profiles are shown by six bars corresponding to the group-average links strength for all
muscle fiber interaction modules in each sub-network. Error bars indicate standard error. Black stars indicate statistically significant differences in
links strength for all modules comparing Exercise 2 vs. Exercise 1 (Wilcoxon test p values <0.05).

the cross-correlation matrices in Figure 1D intro dynamic
networks where nodes correspond to distinct myoelectrical
rhythms associated with the activity of distinct muscle fibers,
and links represent the coupling strength among rhythms
(frequency bands F;) across muscles (Figure 2A). During
supine rest the inter-muscular network is characterized by
physiologically significant synchronization of muscle fibers
only within the BackL-BackR sub-network, and absence of
coupling among muscle fibers in the LegL-LegR and Leg-Back
sub-networks. This reflects higher muscle tone and synchronous
muscle fiber activation in the back compared to the leg muscles
due to the distinct histochemical characteristics and postural role
of the back muscles under resting conditions. With transition to
Exercise a complex topology of sub-networks representing pairs
of same- and different-type muscle groups emerges, where the
same-type muscle LegL-LegR and BackL-BackR sub-networks
exhibit strong and intermediate links, in contrast to the sub-
networks representing pairs of different-type Leg-Back muscles
with weaker coupling among muscle fibers (Figure 2A).

To probe the hierarchical structure of network links strength
and how inter-muscular network organization changes with
transition from rest to exercise, we dissect the entire network
into separate sub-network modules for low (F1, F2, F3),
intermediate (F4, F5, F6, F7) and high (F8, F9, F10) frequency
EMG rhythms. We find that within same-type muscle LegL-LegR
and BackL-BackR sub-networks, all network modules show
consistent stratification in links strength—i.e., links are
stronger for matching frequency bands and gradually decline
for more distant frequency bands from the two muscle groups in
each sub-network. This effect is more pronounced for the BackL-
BackR sub-network during both rest and exercise, where the
spectral power dynamics of low-frequency (F2-F3) muscle fibers
in the BackL are highly synchronized with low frequency fibers in
BackR; (F5)
communicate to intermediate and high frequencies in BackR,

intermediate frequencies in BackL muscle
and high frequencies (F8-F10) in BackL communicate to
intermediate and high frequencies in BackR, representing the
strongest couplings within the BackL-BackR sub-network
(Figure 2B).

To further dissect inter-muscular muscle fiber interactions
and quantify the stratification patterns observed for the links
strength of the modules embedded in LegL-LegR and BackL-
BackR sub-networks (Figure 2B), we calculate the average
coupling strength for distinct sub-groups of links within
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modules (bar charts in Figure 2C). We find that a
characteristic profile of network links for the modules in
LegL-LegR and BackL-BackR sub-networks. During rest, the
BackL-BackR sub-network exhibits a stratification profile with
significant decline in average links strength for the sub-network
modules corresponding to low-low [(F1-F2)—(F1-F2)], low-
[(F1-F2)—(F3, JF7)] and low-high [(F1-
F2)—(F8, ... ,F10)] frequency bands interactions (first three
bars of the stratification profile in Figure 2C), and significantly

intermediate

stronger links (higher bars) for the sub-network modules
corresponding  to  intermediate-intermediate  [(F3,
JF7)—(E3, ... F7)], intermediate-high ([(F3, ... F7)—(F8, ...
,F10)] and high-high [(F8, ... ,F10)—(F8, ... ,F10)] frequency
bands interactions (last three bars of the BackL-BackR
stratification profile in Figure 2C). During Exercise, we find a
significant increase in coupling strength for LegL-LegR (=700%;
Wilcoxon p values <0.001) and BackL-BackR (=60%; Wilcoxon p
values <0.05), and a similar stratification profile in links strength
for the different sub-network modules in both LegL-LegR and
BackL-BackR sub-networks, that is more pronounced for the
BackL-BackR sub-network. Note that during exercise the
stratification in the profile of the LegL-LegR sub-network is
the BackL-BackR  sub-network
(Figure 2C) due to significant targeted increase in coupling
strength for low-intermediate [(F1-F2)—(F3, ,E7)]
(Wilcoxon p = 0.04) and low-high [(F1-F2)—(F8, ... ,F10)]
(Wilcoxon p = 0.03) frequency bands interactions.

reduced compared to

3.2 Inter-muscular interaction networks:
Reorganization with fatigue

Further, we ask the question of how distinct muscle fibers
within different muscle groups dynamically coordinate and
synchronize their activation across exercise segments with
accumulation of fatigue. Specifically, we investigate how
network organization and the profiles of network links
strength within sub-networks and sub-network modules
observed for Exercise 1 (Figure 2) change with repeated
exercise bouts (Exercise 2 and 3) for sub-networks of same-
type (Figure 3) and different-type muscles (Figure 4).

Our analyses show that with repeated squat exercise bouts,
the
hierarchical reorganization where sub-networks representing

global inter-muscular network undergoes complex
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Hierarchical organization of network modules and their links strength profiles within same-type muscle sub-networks. (A) Dynamic networks of

interactions among muscle fibers (represented by different frequency bands Fi) within the same-type muscle LeglL-LegR sub-network and

reorganization of links strength for the basic modules in the sub-network with repeated exercise bouts (left panels). Networks represent the group-

averaged cross-correlation matrices for Exercise 1, 2 and 3 in Figure 1D, where network links correspond to the matrix elements and show the

coupling strength (degree of synchronous activity) of muscle fibers from the LeglL and LegR muscles. Links strength is marked by line color and width
(Continued)
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(Section 2.8, Methods). The LeglL-LegR sub-network topology is defined by basic modules, each representing the interaction of a given
frequency band from one muscle (Legl) with all frequency bands from the other muscle (LegR) — i.e., ten sub-network modules with ten links within
each module form a complex hierarchical organization of links strength in the LeglL-LegR sub-network modulated by accumulation of fatigue with
repeated exercise. Frequency bands F; of the LegL muscle are marked by circles on the horizontal axis of each panel, and frequency bands F; of

the LegR muscle are marked by black squares within each module. Bars color in each profile corresponds to the color of the node associated with a
given frequency band in the Leg muscle. Black and red stars indicate statistically significant differences in links strength for all modules comparing
Exercise 1 vs. Exercise 2, and Exercise 1 vs. Exercise 3, respectively (Wilcoxon test p values <0.04; Hashtags show significant stratification of links
strength within a module (Friedman ANOVA p values <0.03) Dash lines with different color mark the modulation of the profiles. (B) Same network
representation and links strength profiles of sub-network modules as in (A) are shown for the same-type muscle BackL-BackR sub-network. Notably,
modules in the BackL-BackR sub-network exhibit a similar shape for their links strength profiles as modules in the LegL-LegR sub-network, however,
with significantly higher stratification of links strength within each module as well as less pronounced decline in links strength (only during Exercise 3)
and preserved degree of links strength stratification within profiles for all exercise bouts.

pairs of muscles with different function exhibit differentiated
response to fatigue (Figure 3A). Specifically, sub-networks of
same-type muscle interactions (LegL-LegR and BackL-BackR),
which serve as main facilitators of squat movement, are
characterized by reduced connectivity and significant decline
in network links strength. In contrast, sub-networks of different
muscle-types (four Leg-Back sub-networks), which play
compensatory role in squat movement, exhibit increased
connectivity and stronger links of interaction among muscle
fibers. These findings indicate significant change in the way
muscle fiber synchronize their activation across major muscles
with different functions and integrate as a network to adjust
muscle function to fatigue.

Same-type muscle sub-networks: To better understand how
inter-muscular networks of muscle fiber interactions reorganize
with fatigue, we next study the hierarchical organization of links
strength in individual sub-network modules. We find that all
modules in the same-type muscle LegL-LegR sub-network
undergo remarkable changes due to pronounced fatigue effects
provoked by Exercise 1 (squats movements performed to
exhaustion). During Exercise 2, links in the LegL-LegR sub-
network modules are characterized by 1) significantly reduced
coupling strength among frequency bands and 2) increased
stratification in links strength where links are stronger for
matching frequency bands and gradually decline for more
distant frequency bands from the two muscle groups in the
sub-network. Specifically, the stratification in links strength
increases for all modules in the LegL-LegR sub-network
during Exercise 2 and 3 —from very strong and strong links
during Exercise 1 to the entire spectrum of very strong to
intermediate and weak links during Exercise 2 and 3).
Notably, no significant changes are observed in the links
strength organization of the LegL-LegR sub-network during
Exercise 3, indicating that the sub-network reached the
minimum level of inter-muscular interactions during Exercise
2 (Figure 3B). In contrast, we find that the same-type muscle
BackL-BackR sub-network remains unchanged during Exercise
2, with same coupling strength and level of stratification of links
in all modules as in Exercise 1, indicating a different response to
fatigue in the way different muscle fibers synchronize activity in
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the LegL-LegR and BackL-BackR sub-networks. Further, while
BackL-BackR sub-network interactions become weaker during
Exercise 3, the link strength stratification for all modules remains
the same—i.e., coupling strength is homogeneously reduced for
all BackL-BackR sub-network links in contrast to the LegL-legR
sub-network.

To quantify the observed hierarchical organization of links
strength in network modules embedded in the same-type muscle
LegL-LegR and BackL-BackR sub-networks, we next obtain the
link strength stratification profiles corresponding to each sub-
network, and we track the evolution of the stratification profiles
for consecutive exercise bouts in response to accumulation of
fatigue (Figure 3C). Our empirical observation show that during
Exercise 1 both LegL-LegR and BackL-BackR sub-networks
exhibit their
profiles—i.e., decline in average links strength for the sub-

similar  structure  for stratification
network modules corresponding to low-low [(F1-F2)—(FI-
F2)], low-intermediate [(F1-F2)—(F3, ... ,F7)] and low-high
[(F1-F2)—(ES, ...

three bars in each stratification profile, Figure 3C), and much

,F10)] frequency bands interactions (first

stronger links (higher bars) for the sub-network modules
corresponding to  intermediate-intermediate  [(F3,
JF7)—(F3, ... F7)], intermediate-high [(F3, ... ,F7)—(F8, ...
,F10)] and high-high [(F8, ... ,F10)—(F8, ... ,F10)] frequency
bands interactions (last three bars in each stratification profile,
Figure 3C). Notably, the stratification in links strength between
the different modules in the BackL-BackR during Exercise 1 is
significantly more pronounced compared to the LegL-LegR sub-
network—i.e., bigger differences between the bars in the
interaction profile of the BackL-BackR sub-network.

We find that with accumulation of fatigue during Exercise
2 and Exercise 3, the average links strength significantly declines
for all modules in the LegL-LegR sub-network which plays the
major role in facilitating squat movements. Further, this decline
in links strength is associated with increased stratification in the
interaction profile of the LegL-LegR sub-network, reflecting
higher dispersity in the average links strength of the modules
embedded in the sub-network and more pronounced hierarchy
in network organization (Figure 3C, left panel). Remarkably, with
transition from Exercise 2 to Exercise 3 there is no further decline
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FIGURE 6

Profiles of links strength and hierarchical organization of links in modules within different-type muscle sub-networks. (A) Networks of

interaction among muscle fibers within the different-type muscle LegR-BackR sub-network where links strength represents the degree of

synchronous activation in the spectral power of muscle fibers working in different frequency ranges (frequency bands F;) within each muscle

group. During exercise the LegR-BackR sub-network topology is characterized by a hierarchical organization of basic modules, where each

module represents the interaction of a given muscle fiber type (frequency band) from one muscle (LegR) with all muscle fibers (frequency bands)
(Continued)
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from the other muscle (BackR) in the sub-network. Frequency bands F; of the LegR muscle are marked by circles on the horizontal axis of each
panel, and frequency bands F; of the BackR muscle are marked by black squares within each module. Bars color in each profile corresponds to the
color of the node associated with a given frequency band in the muscle. Black and red stars indicate statistically significant differences in links
strength for all modules comparing Exercise 1 vs. Exercise 2, and Exercise 1 vs. Exercise 3, respectively (Wilcoxon test p values <0.04); Hashtags
show significant stratification of links strength within a module during a given exercise bout (Friedman ANOVA p values <0.02). Dash lines with
different color mark the modulation of the profiles. (B) Same network representation and links strength profiles of sub-network modules as in (A) are
shown for the different-type muscle LegR-BackL sub-network. Notably, modules in the LegR-BackL sub-network exhibit 1) similar shape for their
links strength profiles as the modules in the LegR-BackR sub-network; 2) similar increase of the average link strength during Exercise 2; and 3) similar
modulation of the profiles shape during Exercise 2 and 3 in response to fatigue.

in the average links strength for all modules in the LegL-LegR
sub-network, and the stratification profile remains the same. This
indicates that already during Exercise 2 the LegL-LegR sub-
network has reached the lowest possible physiological level of
network coordination and degree of coupling among muscle
fibers from the two leg muscles, and thus, the sub-network does
not respond to further accumulation of fatigue during Exercise 3.
These findings raise the question whether other sub-networks
involving different pairs of muscles take over and compensate the
lack of response in the LegL-LegR sub-network at very high levels
of fatigue (see Figures 4, 6).

In contrast to the LegL-LegR sub-network, links strength in
the modules of the BackL-BackR sub-network remain unchanged
during Exercise 2, thus, preserving the same stratification profiles
as in Exercise 1 despite the accumulation of fatigue. Our findings
that with accumulation of fatigue during Exercise 2 interactions
are reduced in the LegL-LegR sub-network which takes the major
effort, while links strength and the stratification profile of the
BackL-BackR sub-network remain unchanged, indicate the
secondary and supportive role back muscles and their
interactions play during squat movements leading to less
exhaustion and steady network dynamics. Further, compared
to leg muscles, back muscles have different muscle fiber
composition (higher ratio of slow type I muscle fibers) and
histochemical characteristics (higher amounts of glycogen
deposits and larger amounts of mitochondria involved in back
muscle energy conversion) (Cagnie et al., 2015; Deshmukh et al.,
2021), that relate to the different reaction time and higher
resistance to fatigue during Exercise 2 as demonstrated by the
BackL-BackR sub-network dynamics. Remarkably, links strength
in the modules of the BackL-BackR sub-network is reduced
significantly only during Exercise 3, however, preserving the
form of the stratification profile—an effect of homogeneous
reduction in links strength across all modules that is specific
for this sub-network (Figure 3C, right panel). Our observations
indicate markedly different response to fatigue of same-type
muscle LegL-LegR and BackL-BackR sub-networks, where
network reorganization and the associated stratification profile
of links undergo
corresponding to 1) the different muscle fiber composition of
the Leg and Back muscles, 2) the very different role these muscles

strength very different trajectories

play during squat movement, and 3) the way muscle fibers within
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these muscle groups coordinate their activity and interact in
response to accumulation of fatigue.

of different muscle types:
observation in Figure 3 demonstrate that the LegL-LegR and
BackL-BackR sub-networks exhibit different characteristics
(connectivity and links strength stratification) and response to

Sub-networks Since our

fatigue that are associated with their specific role (major vs.
supportive) during squat movements, we next study muscle
fibers interactions between pairs of different-type muscles
(Leg-Back) and quantify their contribution to the hierarchical
structure of the global inter-muscular network. We find that
during exercise each network module in the LegR-BackR and
LegR-BackL sub-networks is characterized by different average
link strength and by a specific topological organization for links
of different strength (Figure 4A) — stronger and more
heterogenous links in the F2 module compared to weaker and
more homogeneous links in the F10 module during Exercise 1,
indicating even more complex pattern of cross-communication
and synchronization of muscle fiber activity in different-type
muscle sub-networks compared to the same-type muscle sub-
networks (Figure 3). With transition to consecutive exercise
bouts Exercise 2 and Exercise 3, the average link strength
increases, and the topological organization of links with
different strength in each network module changes, indicating
a hierarchical reorganization across modules in both LegR-BackR
and LegR-BackL sub-networks in response to accumulation of
fatigue that is different compared to the response observed for
interactions in the same-type muscle sub-networks.

To quantify the response of muscle fiber interactions within
the different-type muscle sub-networks to fatigue, we obtain
stratification profiles representing the average links strength for
all network modules embedded in the LegR-BackR and LegR-
BackL sub-networks, and we track the evolution of these profiles
with repeated exercise bouts (Figure 4B). We find that both LegR-
BackR and LegR-BackL sub-networks exhibit similar interaction
profiles during Exercise 1 — i.e., significant decline in average
links strength for the sub-network modules corresponding to
low-low [(F1-F2)—(F1-F2)], low-intermediate [(F1-F2)—(F3,

. ,F7)] and low-high [(F1-F2)—(F8, ...
bands interactions (first three bars in the profile follow an up-

,JF10)] frequency

down-down pattern, Figure 4B), and weaker links for the sub-
network modules corresponding to intermediate-intermediate
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Degree of stratification in the links strength profiles for allmodules in the same-type and different-type muscle sub-networks. Bar plots quantify

the spread of links strength profiles for all ten modules in the (A) LegL-LegR, (B) BackL-BackR, (C) LegR-BackR and (D) LegR-BackL sub-networks
(shown in Figures 5A,B, 6A,B) during Exercise 1 and Exercise 3. Each bar represents the spread of the ten links in each sub-network module, measured
as the difference between the strongest and weakest link (Section 2.8, Methods) — e.g., the dark blue bar corresponding to F1 for Exercise 1in (A)
shows the links spread in the profile of the first module (group of ten links) in the LegL-LegR sub-network during Exercise 1 (Figure 5A, right panel).
Distinct evolution is observed for the profiles spread of the modules within the four major sub-networks with repeated exercise bouts: (A) the links
spread of the profiles for all ten modules in the LegL-LegR sub-network is initially low during Exercise 1 (homogenous profiles) and increases =100%
during Exercise 3, which is in contrast to the evolution of the profiles in the second same-type muscle BackL-BackR sub-network shown in (B) where
links spread is already high during Exercise 1 and does not increase with accumulation of fatigue during Exercise 3, reflecting different muscle fiber
composition of the Back muscles and a different supportive (postural) role of the sub-network formed by the Back muscles in the squat movement.
For the different-type muscle sub-networks LegR-BackR and LegR-BackL in (C,D) the profile spread for all ten sub-network modules is high during
Exercise 1 and decreases during Exercise 3—a behavior different than the one observed in (A) and (B), and related to the compensatory role of these
two sub-networks in the squat movement with accumulation of fatigue.

[(F3, ..., F7)—(F3, ... F7)], intermediate-high [(F3, ... ,F7)—(
F8, ... ,F10)] and high-high [(FS, ... ,F10)—(ES, ... ,F10)]
frequency bands interactions that follow the same up-down-
down pattern (last three bars in the profile, Figure 4B). With
accumulation of fatigue for repeated squat bouts Exercise 2 and
Exercise 3 the general shape of the interaction profiles for both
LegR-BackR and LegR-BackL sub-networks is preserved,
however, the average links strength corresponding to the sub-
network modules of intermediate-intermediate, intermediate-
high and high-high frequency bands (last three bars in the
profiles, Figure 4B) significantly increases (comparing Exercise
2 vs. Exercise 1; Wilcoxon test p-value p < 0.04), leading to
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reduced stratification in coupling among muscle fibers.
Remarkably, the stratification profiles for the different-type
muscles sub-networks in Figure 4B and their modulation with
fatigue are markedly different compared to the interaction
profiles of the same-type muscles sub-networks shown in
Figure 3C—while the average links strength in the modules of
same-type muscle sub-networks decline with fatigue, link
strength increases in the different-type muscle sub-networks.
This reflects the compensatory role different-type muscles sub-
networks play in the mechanism of maintaining leg-trunk
coordination with accumulation of fatigue, in contrast to the
same-type muscle sub-networks which absorb the main effort
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during squat movement. We find a similar network structure and
reorganization across exercise bouts is observed for the other two
sub-networks LegL-BackL and LegL-BackR of different muscle
types (not shown in Figure 4) — a consistency that demonstrates
the presence of a basic physiologic law regulating muscle fiber
interactions across muscles with different functions.

3.3 Patterns in inter-muscular network
links strength: Reorganization with fatigue

The results of our analyses shown in Figures 2-4 reveal
complex dynamic patterns of muscle fiber synchronous activity
in rest and exercise, and a structured hierarchical organization of
distinct network modules and sub-networks through which
muscle fiber interactions integrate into a global inter-muscular
network to facilitate coordination and synergy among muscles
with different composition and function during movement. The
stratification profiles of average links strength within separate
sub-networks and network modules, however, present a course-
grained level of network structure and dynamics with transition
from rest to exercise and their evolution with accumulation of
fatigue. To probe the fine structure within the hierarchical
organization of the inter-muscular network of muscle fiber
interactions, we analyze all individual links for all modules
within each sub-network: two same-type sub-networks (LegL-
LegR and BackL-BackR, Figure 5), and four different-type sub-
networks (LegR-BackR, LegR-BackL, LegL-BackL and LegL-
BackR, Figure 6). We find that links within individual
modules (10 links per module representing the degree of
coupling between a frequency band F; from one muscle with
all frequency bands of the other muscle in a given sub-network,
Methods) exhibit unique profiles specific for each sub-network
(10 modules and 100 links per sub-network, Methods), thus,
representing a marker of the function distinct sub-networks play
in coordinating interactions among all muscles in the global
network.

Same-type muscle sub-networks: Our analyses of the same-type
muscle LegL-LegR sub-network show complex dynamics of the
interactions among muscle fibers (represented by frequency bands
F) characterized by unique profile of links strength for each sub-
network module (Figure 5A, right panels). Specifically, during
Exercise 1 a profile with declining links strength characterizes the
sub-network module of interaction between F1 frequency band of
LegL with all ten frequency bands of LegR, as shown by the first
group of ten bars in Figure 5A (top right panel). This contrasts with
modules F9 and F10 characterized by increasing links strength, while
modules F3 and F4 exhibit almost flat profiles during Exercise 1.
Further, during Exercise 2 and Exercise 3 the strength of all links
significantly declines across all ten modules in the LegL-LegR sub-
network, while the stratification in the links strength profile of each
sub-network module significantly increases (100% increase for
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Exercise 3 vs. Exercise 1, Figure 7A) in response to accumulation
of fatigue with repeated exercise bouts.

Notably, modules in the BackL-BackR sub-network exhibit a
similar shape for their links strength profiles as modules in the
LegL-LegR sub-network, however, with significantly higher
stratification of links strength within each module as well as
less pronounced decline in links strength with repeated exercise
(decline in links strength is observed only for some modules
during Exercise 3, Figure 5B right panels). Remarkably, in
contrast to the LegL-LegR sub-network, the degree of links
strength stratification of the profile for each module within
the BackL-BackR sub-network does not significantly change
with repeated exercise bouts (Figure 7B). These empirical
findings demonstrate that same-type muscle sub-networks,
which are the major contributors to squat movement, exhibit
similar hierarchical organization (profiles of links strength)
the links
stratification within each module and the degree of decline of

within sub-network modules, while strength
links strength in response to accumulation of fatigue is markedly
different. This reflects physiological differences related to muscle
fiber composition of leg and back muscles, and essentially
different of the
movements—i.e., major dynamic movement generation role of
the LegL-LegR secondary
stabilization role of the BackL-BackR sub-network.

Sub-networks of different muscle type: We next extend our

role two sub-networks during squat

sub-network  vs. supportive

analyses of the hierarchical organization of the inter-muscular
network at the level of individual links representing muscle fibers
interactions for all modules in the different-type muscle sub-
networks (LegR-BackR, LegR-BackL, LegL-BackL and LegL-
BackR). Considering the LegR-BackR sub-network (muscles
on the same side of the body), we find that the topology of
links strength changes with repeated exercise bouts (Figure 6A,
left panels). Specifically, during Exercise 1 the modules in the
LegR-BackR sub-network form a complex hierarchy of network
links strength where links within each module exhibit a similar
profile with declining strength—i.e., the degree of coupling for all
frequency bands in the LegR muscle declines for increasing
frequency bands in the BackR muscle (Figure 6A, top right
panel). With repeated squat bouts Exercise 2 and Exercise 3,
the shape of the links strength profiles for all modules in the
LegR-BackR sub-network gradually changes in response to
accumulation of fatigue, where the interactions of all
frequency bands in the LegR muscle with the F1 and
F2 bands of the BackR muscle (first two bars in each module
of ten bars) significantly decline (dashed dark blue guiding line,
Figure 6A right panels), while the strength of interactions with
the intermediate and high frequency bands in the BackR muscle
significantly increases (dashed light blue and red guiding lines,
Figure 6A right panels). Notably, the average link strength in
each module of the sub-network increases for Exercise 2, and
remains unchanged for Exercise 3, which contrasts with the
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response observed for the modules in the same-type muscle
LegR-LegL and BackL-BackR sub-networks in Figure 5.
Further, with find that modules in the muscles LegR-BackL
sub-network (muscles on the opposite side of the body) exhibit 1)
similar shape for their links strength profiles as the modules in
the LegR-BackR sub-network; 2) similar increase of the average
link strength during Exercise 2; and 3) similar modulation of the
profiles shape during Exercise 2 and 3 in response to fatigue
(Figure 6B, right panels). The stratification of links strength
profiles in the modules of both different-type muscle sub-
networks LegR-BackR and LegR-BackL gradually declines with
accumulation of fatigue during Exercise 2 and Exercise 3. In
contrast to the response to fatigue of the same-type muscle sub-
networks LegL-LegR and BackL-BackR, where the average links
strength declines and the shape of the links strength profile for all
modules is preserved (Figure 5), we observe a significant increase
in the average links strength and modulation of the profiles
(i.e., decline in profiles stratification) for all modules in the
different-type muscle sub-networks LegR-BackR and LegR-
BackL during Exercise 2 and 3 (Figures 7C,D). These findings
indicate a very different compensatory role of the LegR-BackR
and LegR-BackL sub-networks compared to the LegL-LegR and
BackL-BackR sub-networks, to decelerate neuromuscular failure
and maintain muscle coordination. Remarkably, we find that a
similar network structure and reorganization of links strength
profiles across exercise bouts is observed for the other two sub-
networks LegL-BackL and LegL-BackR of different muscle types
(not shown in Figure 6)—consistency that confirms the
physiologic significance of the results and the relation of the
derived network of muscle fiber interactions to endogenous

mechanisms of regulation.

4 Discussion

The present study investigates inter-muscular interactions
among rhythms of myoelectrical activation corresponding to the
activity of different type muscle fibers across muscles with
different muscle fiber composition and distinct functions. We
address the fundamental question of how different type muscle
fibers dynamically synchronize and integrate as a network across
muscles to facilitate coordinated movements, and how inter-
muscular network interactions reorganize with transition from
rest to exercise and respond to accumulation of fatigue during
consecutive exercise bouts of squat movements.

Uncovering the nature of interactions of among muscle fibers
is key to understanding the mechanisms regulating the function
of individual muscles and why/how muscle groups coordinate to
facilitate variety of movements. One possible hypothesis is that
all muscle fibers in a given muscle activate simultaneously to
produce a global response to external inputs. An alternative
hypothesis is that muscle fibers of different types synchronize
activity with linear delays corresponding to their histochemical
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and mechanical characteristics—i.e., synchronous activation
occurring first between slow muscle fibers, followed with some
time-delay by synchronization between intermediate and fast
muscle fibers. A third hypothesis that at every state and type of
movement, muscle fibers of all types simultaneously cross-
communicate with each other within a muscle as well as
across muscle groups—a highly complex behavior with rich
patterns of interaction and network integration of muscle
fibers activity that allows for fine-tuned coordination for a
variety of movements. Our empirical results confirm this most
complex scenario.

Given that all muscle fiber types simultaneously interact
through different degrees of coupling during movement, one
possible outcome could be that each movement involving a
specific group of muscles is represented by unique network of
muscle fiber interactions, and thus, an infinite number of distinct
networks would be needed to characterize/represent the gigantic
phase-space of different human movements and behaviors.
Alternatively, while different movements may involve diverse
muscles, the underlying network of muscle fiber interactions may
be
organization (sub-networks and modules) that do not depend

characterized by general principles of hierarchical
on the diversity of the muscles involved, but rather represent the
role of the muscles during the movement (major, secondary or
compensatory). Thus, an infinite variety of movements involving
various combinations of muscles could be represented by a few
classes of muscle fiber interaction networks with specific
hierarchical organization. Our investigations demonstrate that
the uncovered hierarchical organization of muscle network
interactions and their reorganization with transition from rest
to exercise and fatigue, do not depend on the specific movement
but rather reflect the major, secondary or compensatory role
pairs of muscles with different characteristics/function play in
facilitating a given movement.

We find first empirical evidence that muscle fibers of
different types synchronize their activity across muscle groups
following distinct dynamic patterns of cross-frequency
communication that depend on muscle characteristics and on
the role of muscles in a given movement. We discover that the
structure and hierarchical organization of the inter-muscular
interaction network are uniquely associated with distinct
physiological states of rest, exercise and fatigue. Further, we
discover that each pair of muscles in the global inter-muscular
network forms a sub-network characterized by specific signatures
of cross-frequency communication to synchronize activation
among distinct muscle fiber types, and that each sub-network
comprises multiple modules with unique profiles of links
strength stratification that follow specific evolution paths in
the process of adapting to accumulation of fatigue during
repeated exercise. While earlier studies have focused on
myoelectrical responses of individual muscles (e.g., change in
EMG amplitude and dynamics; (Cardozo et al., 2011; Politti et al.,
2016), the Network Physiology framework we utilize in this study
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demonstrates that the strength of

synchronization) between myoelectrical rhythms and the

coupling (degree
topology of their network interactions change in response to
transitions across physiological states, and adapt in a coordinated
way among sub-networks and modules to increasing levels of
fatigue. The reported here empirical results open the perspective
for an entire new class of biomarkers based on network
interactions among muscle fibers across muscle groups to
characterize effects of different type exercises, implement
optimal training programs, assess fitness status and
effectiveness of muscle injuries treatment and rehabilitation.
We demonstrate the existence of preferred pathways of cross-
frequency communication across leg and back muscles that
uniquely characterize the inter-muscular interaction network
for the distinct physiological states of supine rest and squat
exercise. We observe that the global inter-muscular network
all

reorganizes with transition from rest to exercise (Figure 2A).

involving interactions among muscles  drastically
In contrast to rest, the inter-muscular network during exercise
exhibits high connectivity with stronger network links and a
with  distinct

characteristics to coordinate force generation under higher

hierarchical ~organization of sub-networks
physiological demands (Figure 2A).

The network of inter-muscular cross-frequency coupling
among myoelectrical rhythms associated with different muscle
fiber types is sparse during rest, where all interaction sub-
networks are absent except the BackL-BackR sub-network.
Back muscles (left and right erector spinae) are mainly
composed of slow type I fibers (Cagnie et al.,, 2015) and have
postural role under supine resting conditions, while leg muscles
(left and right vastus lateralis) have higher percentage of fast type
II fibers (Vromans and Faghri, 2018; Nederveen et al., 2020), play
major dynamic role during squat movements and remain not
active during supine rest. Thus, back muscles exhibit higher
muscle tone than leg muscles during supine rest. Our analyses
show that, in addition to higher back muscle tone, rest is
characterized by a high degree of synchronous activation
among muscle fibers from the left and right back muscles and
by a BackL-BackR sub-network structure of distinct interaction
modules with different average links strength (Figure 2B) that
follow a unique link strength stratification profile (Figure 2C).
These of
communication among muscle fibers are a new hallmark of

findings complex cross-frequency network
muscles coordination during rest that does not depend on the
activation level of each separate muscle—note, that two systems
with low level of activation could exhibit high degree of
coordination, and thus, strong coupling (Lin et al, 2020;
Rizzo et al., 2020, 2022).

Further, BackL-BackR sub-network interactions during rest
exhibit unique hierarchical organization with a specific
stratification profile formed by the average links strength of
the distinct modules embedded in the sub-network, where the
low-low [(F1-F2)—(F1-F2)],

modules corresponding  to
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intermediate-high [(F3-F7)-(F8-F10)] and high-high [(F8-
F10)—(F8-F10)] exhibit
dominant links strength (Figure 2C). Since the average

frequency bands interactions
conduction velocity of an active motor unit relates to the
muscle fiber type (Casolo et al., 2022), and changes in EMG
spectral properties are linked to changes in the average
conduction velocity (Farina, 2008; Von Tscharner and Nigg,
2008), the uncovered links strength stratification profile in the
BackL-BackR sub-network during rest, indicates that at this state
slow type I muscle fibers in the BackL muscle predominantly
communicate with the same type I fibers in the BackR muscle,
while intermediate type Ila fibers communicate with both type
ITa and fast type IIb fibers. A feasible explanation of the links
strength stratification profile is that muscle fibers from different
muscles synchronize better when they have similar histochemical
characteristics, and thus, sub-network modules corresponding to
low-low, intermediate-intermediate and high-high frequency
bands exhibit stronger links. The observed high cross-
frequency communication between type Ila and IIb muscle
fibers (strong intermediate-high frequency links in the profile,
Figure 2C) may also be related to their similar histochemical
characteristics (Deshmukh et al., 2021).

Remarkably, a similar hierarchical organization of modules
with different links strength and stratification profile are
observed for the BackL-BackR sub-network during Exercise 1
(Figure 2C), however, with stronger global coupling strength and
a more pronounced increase in the intermediate-intermediate
frequency coupling. Similar to rest, the shape of the stratification
profile of inter-muscular links strength for the BackL-BackR sub-
network during exercise reflects stronger interactions for links
between same frequency bands (Figure 2B), where each muscle
fiber type in BackL communicates predominantly with the same
type of muscle fiber in BackR. This basic law of muscle fiber
the of
stratification (spread) observed in the links strength profile of

cross-communication accounts for high degree
the BackL-BackR sub-network in both rest and exercise
(Figure 7B).

In contrast to BackL-BackR network interactions, links strength
in the LegL-LegR sub-network during rest is below the threshold of
physiological significance (Figure 2C; black dotted line), reflecting
the absence of significant inter-muscular interactions of muscle
fibers between leg muscles. Notably, the characteristic stratification
profile observed in the BackL-BackR sub-network during exercise is
also present for the LegL-LegR sub-network, however, with higher
coupling strength for low-intermediate and low-high frequency
band interactions. This indicates that during exercise, unlike the
BackL-BackR sub-network, slow type I muscle fibers in the LegL
muscle with
intermediate type ITa and fast IIb muscle fibers in the LegR
muscle, leading to a links strength profile with reduced
stratification (spread) (Figure 7A). The reported differences
between the BackL-BackR and LegL-LegR sub-networks reflect
the distinct histochemical characteristics and specific role these

can communicate (synchronize activation)
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sub-networks play in squat movements—while vastus lateralis leg
muscles have primary motor role during squat movements, erector
spinae back muscle have a secondary supportive role (trunk stability)
(Khaiyat and Norris, 2018).

Importantly, we further demonstrate that inter-muscular
networks of muscle fiber interactions undergo a particular
reorganization path with repeated exercise bouts to overcome
and compensate effects of accumulated fatigue. While same-type
muscle sub-networks (LegL-LegR and BackL-BackR) become
sparser with weaker links for repeated exercise (Figures 3, 5),
sub-networks of different-type muscles (LegL-BackL, LegL-
BackR, LegR-BackL and LegR-BackR) exhibit
connectivity and stronger links (Figures 4, 6).

higher

Notably, the links strength stratification profile for the
modules in the LegL-LegR sub-network during Exercise 1 is
consistently observed also for Exercise 2 and Exercise 3, however,
with 1) significantly reduced coupling strength and 2) increased
degree of stratification (spread; Figure 7A) due to a remarkable
reduction in average links strength for the sub-network modules
representing coupling between low-intermediate and low-high
frequency bands (Figure 3C). These observations demonstrate
that fatigue provokes reduction in the cross-frequency
communication between different type muscle fibers in the
LegL-LegR sub-network, while strongest interactions are
mediated by same type muscle fibers.

Similarly to the LegL-LegR sub-network, the general shape of
the links strength profile in the BackL-BackR sub-network
observed for Exercise 1 does not change during Exercise
2 and Exercise 3, and both sub-networks exhibit reduction in
links strength with fatigue (Figure 3C). However, for the BackL-
BackR sub-network we find 1) delayed fatigue onset and less
pronounced reduction in link strength for repeated exercise
bouts compared to the LegL-LegR sub-network, and 2) no
increase in stratification (spread) of the links strength profile
due to a homogenous decrease of links strength for all modules
within the sub-network (Figure 5B; Figure 7B). The delayed onset
of fatigue on BackL-BackR interactions (i.e., only during Exercise
3) reflects the secondary/supportive role back muscles play
during squat movements, as well as its fatigue-resistant
histochemical characteristics (Cagnie et al., 2015) compared to
leg muscles. As recently demonstrated, high initial levels of
common input and high coordination between muscles (as
observed here in the LegL-LegR and BackL-BackR sub-
networks during Exercise 1) represent a neural constrain
making it less likely to redistribute the neural drive across
these muscles during fatiguing tasks (Rossato et al., 2022), and
thus, to adapt to fatigue in ways other than to reduce coupling
strength. This could explain the lack of ability of the same-type
muscle LegL-LegR and BackL-BackR sub-networks to find more
flexible coordination strategies with accumulation of fatigue but
to reduce links strength across all modules in the sub-network.

Considering the different-type muscle LegR-BackR and
LegR-BackL sub-networks, a different stratification profile of
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network links strength emerges for the modules in these
sub-networks with remarkably weaker coupling strength
during Exercise 1 (Figure 1E, Figure 4B), compared to the
same-type muscle sub-networks (Figure 3C). LegR-BackR and
LegR-BackL inter-muscular communication is predominantly
mediated by low-low and intermediate-intermediate frequency
band interactions. This indicates that slow type I and
intermediate type Ila fibers in the leg muscle synchronize
activity mainly with the corresponding type I and Ila fibers
in the back muscle. Opposite to same-type LegL-LegR and
BackL-BackR sub-networks where interactions decline with
fatigue (Figure 3C), links strength profiles of the LegR-BackR
and LegR-BackL sub-networks during Exercise 2 and 3 are
characterized by 1) increase in average link strength with
fatigue accumulation, and 2) decline in the stratification
(spread) of the interaction profiles due to a concentrated
increase of links strength for the modules representing
intermediate-intermediate, intermediate-high and high-high
frequency bands interactions (Figure 4B, Figures 7C,D). Such
higher flexibility of the different-type muscle sub-networks in
response to fatigue (i.e., ability to increase coupling strength
with progression of fatigue) can be related to the fact that low
initial common synaptic input between muscles allows for more
flexible coordination strategies during fatiguing tasks (Rossato
et al., 2022).

Our findings of complex hierarchically-structured network
interactions of muscle fibers across topologically distant leg and
back muscles align with recent works investigating motor neuron
recruitment during exercise and inter-muscular coherence (Hug
et al., 2021), which demonstrated that motor neurons from
distant muscles (e.g, hamstrings and gastrocnemii) may
receive common neuronal input during dynamic pedaling.
Other works have reported the presence of common neural
inputs also to other pairs of distinct muscles such as
hamstrings and plantar flexors (Hug et al, 2011), as well as
glutei and quadriceps during gait (Dominici et al., 2011). This
suggests a possible mechanism where a fraction of motor neurons
within a pool that innervates a given muscle interact with a
fraction of the motor neurons that innervate another muscle,
thus, forming a distinct functional cluster associated with a given
movement, and that multiple functional clusters of motor
neurons with differentiated role across distant muscles
facilitate a broad range of movements. In other words, each
motor unit may generate a force to assist movement in particular
direction and, thus, the recruitment of specific groups of motor
neurons across several muscles may be a strategy to comply with
the mechanical demands of a given movement task (Hug et al.,
2021). This may explain why different muscle fiber types,
innervated by distinct motor neurons, can synchronize with
each other and integrate as a network across distant back and
leg muscles during squat movements, as revealed by the complex
inter-muscular networks of muscle fiber interactions obtained
from our empirical analyses.
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FIGURE 8

Schematic diagram of the degree of inter-muscular coupling for the major sub-networks involved in rest and squat movement, and evolution in

time of network interactions with accumulation of fatigue. At supine Rest, the average network links strength (degree of coupling/coordination of
activity among muscle fibers) in all inter-muscular sub-networks is below the significance threshold (marked as horizontal dashed line) except for the
BackL-BackR sub-network (Figure 2A), where higher muscle tone and a medium degree of coupling among muscle fibers from the erector
spinae left and right muscles relates to the postural role these muscles play under supine resting conditions, compared to the vastus lateralis left and
right leg muscles which are not active during supine rest. The average links strength for all major sub-networks (i.e., degree of inter-muscular
coupling) significantly increases with transition to squat exercise (Exercise 1), where the same-type muscle sub-networks LegL-LegR and BackL-
BackR exhibit high degree of coupling compared to the low and intermediate degree of coupling observed for the different-type muscle LegR-
BackR and LegR-BackL sub-networks. This reflects distinct link strength profiles of sub-network interactions that play role in coordinating muscle
fibers activity between different-type muscle groups (Figure 6) compared to the same-type muscle sub-networks (Figure 5). With accumulating
fatigue during Exercise 2, interactions in the LegL-LegR sub-network become weaker as this sub-network accounts for the major dynamic effort in
generating squat movement, and is faster affected by fatigue due to the large fraction of type-Il fast muscle fibers involved in this sub-network. In
contrast, in the BackL-BackR sub-network links strength remains unchanged during Exercise 2 (same degree of inter-muscular coupling as during
Exercise 1) due to the supportive secondary role Back muscles play in squat movement and their predominant composition of fatigue-resistant type-|
slow muscle fibers. Notably, the sub-networks composed of different-type muscles (LegR-BackL, LegL-BackR, LegR-BackR and LeglL-BackL) play
compensatory role in squat movement and elevate the degree of inter-muscular coupling during Exercise 2 to offset fatigue effects in the LegL-LegR
sub-network. With further accumulation of fatigue during Exercise 3, the average strength of links in the BackL-BackR sub-network as well as in the
four different-type muscles sub-networks (LegR-BackL, LegL-BackR, LegR-BackR and LegL-BackL) significantly declines, although the average links
strength in the different-type muscle sub-networks remains higher compared to Exercise 1, indicating that these sub-networks continue to play
compensatory role in squat movement even at the level of extreme exhaustion during Exercise 3. Remarkably, there is no decline in the average links
strength of the LegL-LegR sub-network during Exercise 3, indicating that (for this particular movement) a bottom level of inter-muscular coupling
between LeglL and LegR muscle fibers is reached.

10.3389/fnetp.2022.1059793

The uncovered hierarchical reorganization of different-type
muscle LegR-BackR and LegR-BackL sub-networks in response
to fatigue (Figures 4, 6) reflects a compensatory mechanism to
maintain coordination between legs and trunk during squat
movements, when the same-type muscle LegL-LegR and
BackL-BackR sub-network are fatigued. Remarkably, with
repeated exercise this compensatory mechanism is expressed
by increased degree of synchronization and coupling of
muscle fiber activity within the different-type muscle sub-
networks, while at the same time the coupling strength and
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interactions among muscle fibers within the same-type muscle
sub-networks decreases with accumulation of fatigue (Figures 3,
5). Considering that accumulation of fatigue leads to a common
effect of reduced motor neuron excitability (lower neuronal
discharge rate) in each individual leg or back muscle, it
remains an open question what mechanisms could lead to the
markedly different response to increased levels of fatigue we
uncover for the different-type muscle sub-networks compared to
the same-type muscle sub-networks. Notably, the degree of
coupling among muscle fibers in the LegL-LegR and BackL-
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BackR sub-networks is already at maximum level during Exercise
1 (Figures 3C, 5) due to the major role these sub-networks play in
generating squat movements that require maximum effort, and
thus, the only pathway to respond to fatigue is through a decline
in the synchronization and coupling of muscle fiber activity in
these sub-networks. In contrast, network links strength of all
modules in the Leg-Back sub-networks is at intermediate level
during Exercise 1 (Figures 4B, 6), which allows for flexibility to
increase the degree of synchronization and coupling among
muscle fibers with repeated exercise, and thus, to compensate
reduced coordination in the same-type muscle sub-networks
with higher levels of fatigue. In this context, our study
provides first evidence that fatigue affects not only the
function and dynamics of individual muscles but also the
ways muscle fibers across muscles synchronize activity and
integrate as a network to adapt to fatigue, and that this
adaptation process through hierarchical reorganization in
network interactions strongly depends on the particular pair
of muscles and their role in executing a given movement.

The reported empirical findings indicate that our method
(Methods) is sensitive to reveal a hierarchically structured network
organization of muscle fiber interactions across muscles with distinct
function, histochemical characteristics and effort contribution during
movements, and to capture how sub-networks and modules within
the global inter-muscular network reorganize with transition from
one state to the other (rest vs. exercise) and adapt in response to
fatigue. We uncover very complex links strength organization and
stratification for the same-type muscle sub-networks (primary motor
muscle pairs) compared to the different-type muscle sub-networks
(compensatory muscle pairs). Each network module in the same-type
muscle sub-networks is characterized by a particular profile of links
strength, where with accumulation of fatigue with repeated exercise
bouts, all profiles exhibit significant 1) global decline in links strength
and 2) increase in links strength stratification (spread), while 3)
preserving the general functional form (shape) of each profile
(Figure 5). In contrast, all modules in the sub-networks of
different-type muscles are characterized by links strength profile
of the same shape, and with accumulation of fatigue all profiles
exhibit significant 1) global increase in links strength and 2) decline in
links strength stratification (spread), while 3) changing the functional
form (shape) of each profile (Figure 6). Further, our approach can
distinguish between same-type muscle sub-networks with different
role in the generation and coordination of movements—while links
strength stratification (spread) within each module of the LegL-LegR
sub-network dramatically increases with fatigue, the stratification of
links strength for the modules of the BackL-BackR sub-network
remains unchanged (Figure 7).

5 Conclusion

this work addresses inter-muscular

interactions among rhythms of myoelectrical activation,

In summary,
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corresponding to the activity of different type muscle fibers,
across muscles with distinct composition and functions. We
report empirical evidence that muscle fibers of different types
dynamically synchronize their activity across muscle groups
following distinct patterns of cross-frequency communication
that depend on muscle characteristics and on the role of
muscles in a movement. We demonstrate that muscle fibers
integrate as a network with complex hierarchical organization
comprising distinct sub-networks and network modules to
facilitate coordinated movements. We establish how the
global inter-muscular network of muscle fiber interactions
reorganizes with transition from rest to exercise (Figure 2A),
and with accumulation of fatigue during consecutive exercise
bouts (Figure 3A). We discover that each pair of muscles in the
global inter-muscular network forms a distinct sub-network
(depending on the structure and function of the muscles
involved) that is characterized by specific signature of
cross-frequency communication among muscle fiber types.
Further, each sub-network comprises multiple modules,
where each module exhibits a unique profiles of links
the of
synchronization among muscle fibers (Figures 3, 4). Our

strength  stratification  reflecting degree
analyses reveal different organization in sub-networks for
pairs of same-type muscles vs. different-type muscles
depending on the role of the muscles in the movement. We
uncover very complex links strength organization and
the

(primary motor muscle pairs) compared to the different-

stratification  for same-type muscle sub-networks
type muscle sub-networks (compensatory muscle pairs).
Our findings demonstrate a complex dynamic process of
coordination among network modules and sub-networks
within the global network of muscle fiber interactions,
different their

characteristics to facilitate global function of the entire

where network elements 1) adjust
network (Figure 7), and 2) follow distinct phase-space
trajectories depending on their specific role in generating
physiological states and adapting to levels of fatigue
(Figure 8).

The Network Physiology framework (Ivanov, 2021) we
employ to investigate cross-frequency coupling of different
type muscle fibers across muscle groups during rest and
maximal  exercise, uncovers physiologically  relevant
information and leads to new insights on the mechanisms
regulating inter-muscular interactions. The reported empirical
observations elucidate previously unrecognized aspects of muscle
physiology related to basic laws of synchronous muscle fiber
activation and network integration to facilitate optimal
coordination among muscles to perform a broad range of
movements, and adaptation to changes in physiological state
and levels of fatigue. The uncovered dynamic network
characteristics of muscle fiber interactions can have broad
implications for diverse exercise-related phenomena, including

sports performance, fatigue, overtraining or muscle-skeletal
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injuries. From a practical point of view, our approach can be
utilized to develop novel network-based biomarkers able to assess
and quantify inter-muscular interactions during exercise and
movement. Given that each muscle pair presents specific
signatures of cross-frequency communication to synchronize
activation among distinct muscle fiber types, tracking changes
on inter-muscular interaction profiles alongside other
physiological markers could help quantify more precisely
physiological adaptations after training, and may assist
coaches with selection of the most appropriate training
programs. For instance, lack of change in the coupling
between given type of muscle fibers after a training period,
could indicate that previous training intervention was not
effective to generate coordinative adaptations in those muscle
fibers. This might be of key importance for training programs
targeting specific muscle fibers in elderly subjects (Kienbacher
et al., 2014) or cancer patients (Thomas, 2022). Further, the
developed here dynamic networks approach to muscle fiber
inter-muscular interactions could be applied to understand
how these interactions change under the pathophysiology of
movement disturbances such as freezing of gait in Parkinson’s
Disease (Glinther et al,, 2019) and other neuro-degenerative and
neuro-muscular disorders, leading to new biomarkers of disease.
More research is needed to 1) confirm the universality of our
results over larger cohorts of subjects and identify the reference
dynamic network profiles for inter-muscular communication in
different age groups; 2) study inter-muscular interactions under
various clinical conditions (e.g., acute and chronic muscle
injuries, neuro-muscular and neuro-degenerative disorders,
and 3)

communication among different muscles and key organ

etc.), investigate synchronized cross-frequency
systems, such as the brain and related cortical rhythms (Ciria
et al,, 2019; Rizzo et al., 2020, 2022). Extending investigations in
these directions would lay down the first building blocks of a new
interdisciplinary area of research, Network Physiology of

Exercise (Balagué et al.,, 2020, Balagué et al., 2022a,b).

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

References

Asmussen, M. J., von Tscharner, V., and Nigg, B. M. (2018). Motor unit action
potential clustering—Theoretical consideration for muscle activation during a
motor task. Front. Hum. Neurosci. 12, 15-12. doi:10.3389/fnhum.2018.00015

Baker, S. N., Olivier, E., and Lemon, R. N. (1997). Coherent oscillations in
monkey motor cortex and hand muscle EMG show task-dependent modulation.
J. Physiol. 501, 225-241. doi:10.1111/j.1469-7793.1997.225bo.x

Balagué, N., Garcia-Retortillo, S., Hristovski, R., and Ivanov, P. C. (2022b). “From
exercise physiology to network physiology of exercise,” in Exercise physiology.
Editors R. Ferraz, H. Neiva, D. Almeida Marinho, J. Teixeira, P. Forte, and
L. Branquinho (London: IntechOpen). doi:10.5772/intechopen.102756

Frontiers in Network Physiology

26

10.3389/fnetp.2022.1059793

Ethics statement

The studies involving human participants were reviewed and
approved by Clinical Research Ethics Committee of the Sports
Administration of Catalonia. The patients/participants provided
their written informed consent to participate in this study.

Author contributions

PCh conceived the idea and designed the study. SGR designed
the experimental protocol and collected data. SGR performed data
pre-processing and developed codes for the analysis method. SGR
and PCh performed data analyses and prepared figures. SGR and
PCh performed surrogate and statistical tests, performed research
and interpreted results. SGR and PCh wrote the manuscript, read
and approved the submitted version.

Acknowledgments

We acknowledge support from the W. M. Keck Foundation,
and the US-Israel Binational Science Foundation (BSF Grant
2020020). We thank Carol Sitges for providing equipment
necessary for the data collection in our experimental protocol.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Balagué, N., Hristovski, R., Almarcha, M., Garcia-Retortillo, S., and
Ivanov, P. C. (2022a). Network Physiology of Exercise: Beyond molecular
and omics perspectives. Sports Med. Open 8, 119. doi:10.1186/540798-022-
00512-0

Balagué, N., Hristovski, R., Almarcha, M., Garcia-Retortillo, S., and Ivanov, P. C.
(2020). Network physiology of exercise: Vision and perspectives. Front. Physiol. 11,
611550. doi:10.3389/fphys.2020.611550

Bartsch, R, Liu, K. K. L, Bashan, A, and Ivanov, P. C. (2015). Network
physiology : How organ systems dynamically interact. PLoS One 10, e0142143.
doi:10.1371/journal.pone.0142143

frontiersin.org


https://doi.org/10.3389/fnhum.2018.00015
https://doi.org/10.1111/j.1469-7793.1997.225bo.x
https://doi.org/10.5772/intechopen.102756
https://doi.org/10.1186/s40798-022-00512-0
https://doi.org/10.1186/s40798-022-00512-0
https://doi.org/10.3389/fphys.2020.611550
https://doi.org/10.1371/journal.pone.0142143
https://www.frontiersin.org/journals/network-physiology
https://www.frontiersin.org
https://doi.org/10.3389/fnetp.2022.1059793

Garcia-Retortillo and Ivanov

Bashan, A., Bartsch, R. P, Kantelhardt, J. W., Havlin, S., and Ivanov, P. C. (2012).
Network physiology reveals relations between network topology and physiological
function. Nat. Commun. 3, 702. doi:10.1038/ncomms1705

Beck, T. W., Housh, T.J., Fry, A. C., Cramer, J. T., Weir, J. P., Schilling, B. K., et al.
(2007). The influence of muscle fiber type composition on the patterns of responses
for electromyographic and mechanomyographic amplitude and mean power
frequency during a fatiguing submaximal isometric muscle action. Electromyogr.
Clin. Neurophysiol. 47, 221-232.

Bianco, A., Lupo, C., Alesi, M., Spina, S., Raccuglia, M., Thomas, E., et al. (2015).
The sit up test to exhaustion as a test for muscular endurance evaluation.
Springerplus 4, 309. doi:10.1186/s40064-015-1023-6

Boonstra, T. W., Daffertshofer, A., van Ditshuizen, J. C., van den Heuvel, M. R. C,,
Hofman, C., Willigenburg, N. W., et al. (2008). Fatigue-related changes in motor-
unit synchronization of quadriceps muscles within and across legs. J. Electromyogr.
Kinesiol. 18, 717-731. doi:10.1016/j.jelekin.2007.03.005

Boonstra, T. W., Faes, L., Kerkman, J. N., and Marinazzo, D. (2019). Information
decomposition of multichannel EMG to map functional interactions in the
distributed motor system. Neuroimage 202, 116093. doi:10.1016/j.neuroimage.
2019.116093

Cagnie, B., Dhooge, F., Schumacher, C., De Meulemeester, K., Petrovic, M.,
Van Oosterwijck, J., et al. (2015). Fiber typing of the erector spinae and
multifidus muscles in healthy controls and back pain patients: A systematic
literature review. J. Manip. Physiol. Ther. 38, 653-663. doi:10.1016/j.jmpt.
2015.10.004

Cardozo, A. C., Gongalves, M., and Dolan, P. (2011). Back extensor muscle fatigue
at submaximal workloads assessed using frequency banding of the
electromyographic signal. Clin. Biomech. 26, 971-976. doi:10.1016/j.clinbiomech.
2011.06.001

Casabona, A., Valle, M. S., Laudani, L., Crimi, C., Russo, C., Malaguarnera, L.,
et al. (2021). Is the power spectrum of electromyography signal a feasible tool to
estimate muscle fiber composition in patients with copd? J. Clin. Med. 10, 3815.
doi:10.3390/jcm10173815

Casolo, A., Maeo, S., Balshaw, T. G., Lanza, M. B., Martin, N. R., Nuccio, S., et al.
(2022). Non-invasive muscle biopsy: Estimation of muscle fibre size from a
neuromuscular interface. bioRxiv.

Chang, Y. J., Chou, C. C,, Chan, H. L., Hsu, M. J., Yeh, M. Y., Fang, C. Y., et al.
(2012). Increases of quadriceps inter-muscular cross-correlation and coherence
during exhausting stepping exercise. Sensors Switz. 12, 16353-16367. doi:10.3390/
s121216353

Chen, B,, Ciria, L. F,, Hu, C., and Ivanov, P. C. (2022). Ensemble of coupling forms
and networks among brain rhythms as function of states and cognition. Commun.
Biol. 5, 82. doi:10.1038/s42003-022-03017-4

Ciria, L. F,, Luque-Casado, A., Sanabria, D., Holgado, D., Ivanov, P. C., and
Perakakis, P. (2019). Oscillatory brain activity during acute exercise: Tonic and
transient neural response to an oddball task. Psychophysiology 56, €13326. doi:10.
1111/psyp.13326

Deshmukh, A. S., Steenberg, D. E., Hostrup, M., Birk, J. B., Larsen, J. K., Santos,
A, et al. (2021). Deep muscle-proteomic analysis of freeze-dried human muscle
biopsies reveals fiber type-specific adaptations to exercise training. Nat. Commun.
12, 304. doi:10.1038/s41467-020-20556-8

Dominici, N., Ivanenko, Y. P., Cappellini, G., D’Avella, A., Mondi, V., Cicchese,
M, et al. (2011). Locomotor primitives in newborn babies and their development.
Science 334, 997-999. doi:10.1126/science.1210617

Dreibati, B., Lavet, C., Pinti, A., and Poumarat, G. (2010). Influence of electrical
stimulation frequency on skeletal muscle force and fatigue. Ann. Phys. Rehabil. Med.
53, 266-271. d0i:10.1016/j.rehab.2010.03.004

Engel, W. K. (1967). Muscle biopsy uses and limitations. Postgrad. Med. 41,
155-160. doi:10.1080/00325481.1967.11693032

Farina, D. (2008). Counterpoint: Spectral properties of the surface EMG do not
provide information about motor unit recruitment and muscle fiber type. J. Appl.
Physiol. 105, 1673-1674. doi:10.1152/japplphysiol.90598.2008a

D. Farina and R. Merletti (Editors) (2016). Surface electromyography : Physiology,
engineering and applications (IEEE PressJohn Wiley & Sons).

Farina, D., Merletti, R, and Enoka, R. M. (2004). The extraction of neural
strategies from the surface EMG. J. Appl. Physiol. 96, 1486-1495. doi:10.1152/
japplphysiol.01070.2003

Garcia-Retortillo, S., Rizzo, R., and Ivanov, P. C. (2021). “Spectral dynamics of
muscle fiber activation in response to exercise and acute fatigue,” in BHI 2021 -
2021 IEEE EMBS Int. Conf. Biomed. Heal. Informatics, Proc., 1-4. doi:10.1109/
BHI50953.2021.9508556

Garcia-Retortillo, S., Rizzo, R., Wang, J. W. J. L,, Sitges, C., and Ivanov, P. C.
(2020). Universal spectral profile and dynamic evolution of muscle activation: A

Frontiers in Network Physiology

27

10.3389/fnetp.2022.1059793

hallmark of muscle type and physiological state. . Appl. Physiol. 129, 419-441.
doi:10.1152/japplphysiol.00385.2020

Grimby, B. Y. L., Hannerz, J. A. N, and Hedman, B. (1979). Contraction time and
voluntary discharge properties of individual short toe extensor motor units in man.
J. Physiol. 289, 191-201. doi:10.1113/jphysiol.1979.sp012732

Grimby, L., Hannerz, J., and Hedman, B. (1981). The fatigue and voluntary
discharge properties of single motor units in man. J. Physiol. 316, 545-554. doi:10.
1113/jphysiol.1981.sp013805

Grosse, P., Cassidy, M. J., and Brown, P. (2002). EEG-EMG, MEG-EMG and
EMG-EMG frequency analysis: Physiological principles and clinical applications.
Clin. Neurophysiol. 113, 1523-1531. doi:10.1016/S1388-2457(02)00223-7

Hermens, H. (2000). Development of recommendations for SEMG sensors and
sensor placement procedures. J. Clin. Oncol. doi:10.1200/JC0O.2017.76.5966

Hug, F., Avrillon, S., Sarcher, A., Del Vecchio, A., and Farina, D. (2021). Networks
of common inputs to motor neurons of the lower limb reveal neural synergies that
only partly overlap with muscle innervation. biorxiv, 1-34. doi:10.1101/2021.10.13.
460524

Hug, F. (2011). Can muscle coordination be precisely studied by surface
electromyography? J. Electromyogr. Kinesiol. 21, 1-12. doi:10.1016/j.jelekin.2010.
08.009

Hug, F., Turpin, N. A,, Couturier, A., and Dorel, S. (2011). Consistency of muscle
synergies during pedaling across different mechanical constraints. J. Neurophysiol.
106, 91-103. doi:10.1152/jn.01096.2010

Ivanov, P. C., and Bartsch, R. (2014). “Network physiology: Mapping interactions
between networks of physiologic networks,” in Networks of networks: The last
frontier of complexity. Editors G. D’Agostino and A. Scala (Cham: Springer),
203-222. doi:10.1007/978-3-319-03518-5

Ivanov, P. C,, Liu, K. K. L., and Bartsch, R. P. (2016). Focus on the emerging new
fields of network physiology and network medicine. New J. Phys. 18, 100201. doi:10.
1088/1367-2630/18/10/100201

Ivanov, P. C. (2021). The new field of network physiology: Building the human
physiolome. Front. Netw. Physiol. 1, 711778. doi:10.3389/fnetp.2021.711778

Jirsa, V., and Miiller, V. (2013). Cross-frequency coupling in real and virtual brain
networks. Front. Comput. Neurosci. 7, 78. doi:10.3389/fncom.2013.00078

Katch, V., McArdle, W., and Katch, F. (2006). Essential of sport physiology. doi:10.
1073/pnas.0703993104

Kattla, S., and Lowery, M. M. (2010). Fatigue related changes in
electromyographic coherence between synergistic hand muscles. Exp. Brain Res.
202, 89-99. doi:10.1007/s00221-009-2110-0

Kerkman, J. N., Bekius, A., Boonstra, T. W., Daffertshofer, A., and Dominici, N.
(2020). Muscle synergies and coherence networks reflect different modes of
coordination during walking. Front. Physiol. 11, 751-813. doi:10.3389/fphys.2020.00751

Kerkman, J. N., Daffertshofer, A., Gollo, L. L., Breakspear, M., and Boonstra, T.
W. (2018). Network structure of the human musculoskeletal system shapes neural
interactions on multiple time scales. Sci. Adv. 4, eaat0497. doi:10.1126/sciadv.
2at0497

Kerkman, J. N., Zandvoort, C. S., Daffertshofer, A., and Dominici, N. (2022).
Body weight control is a key element of motor control for toddlers’ walking. Front.
Netw. Physiol. 2, 1-12. doi:10.3389/fnetp.2022.844607

Khaiyat, O. A., and Norris, J. (2018). Electromyographic activity of selected trunk,
core, and thigh muscles in commonly used exercises for ACL rehabilitation. J. Phys.
Ther. Sci. 30, 642-648. doi:10.1589/jpts.30.642

Kienbacher, T., Habenicht, R., Starek, C., Mair, P., Wolf, M., Paul, B., et al. (2014).
The potential use of spectral electromyographic fatigue as a screening and outcome
monitoring tool of sarcopenic back muscle alterations. J. Neuroeng. Rehabil. 11,
106-112. doi:10.1186/1743-0003-11-106

Kristiansen, M., Samani, A., Madeleine, P., and Hansen, E. A. (2016). Effects of
5 weeks of bench press training on muscle synergies: A randomized controlled
study. J. Strength Cond. Res. 30, 1948-1959. doi:10.1519/JSC.0000000000001282

Kupa, E. J., Roy, S. H., Kandarian, S. C., and De Luca, C. J. (1995). Effects of
muscle fiber type and size on EMG median frequency and conduction velocity.
J. Appl. Physiol. 79, 23-32. doi:10.1152/jappl.1995.79.1.23

Lin, A, Liu, K. K. L, Bartsch, R,, and Ivanov, Pc. (2020). Dynamic network
interactions among distinct brain rhythms as a hallmark of physiologic state and
function. Commun. Biol. 3, 197. doi:10.1038/542003-020-0878-4

Lin, A, Liu, K. L, Bartsch, R., and Ivanov, Pc. (2016). Delay-correlation landscape
reveals characteristic time delays of brain rhythms and heart interactions. Philos.
Trans. A Math. Phys. Eng. Sci. 374, 20150182. doi:10.1098/rsta.2015.0182

Liu, K. K. L,, Bartsch, R. P,, Lin, A., Mantegna, R. N,, and Ivanov, P. C. (2015).

Plasticity of brain wave network interactions and evolution across physiologic
states. Front. Neural Circuits 9, 62. doi:10.3389/fncir.2015.00062

frontiersin.org


https://doi.org/10.1038/ncomms1705
https://doi.org/10.1186/s40064-015-1023-6
https://doi.org/10.1016/j.jelekin.2007.03.005
https://doi.org/10.1016/j.neuroimage.2019.116093
https://doi.org/10.1016/j.neuroimage.2019.116093
https://doi.org/10.1016/j.jmpt.2015.10.004
https://doi.org/10.1016/j.jmpt.2015.10.004
https://doi.org/10.1016/j.clinbiomech.2011.06.001
https://doi.org/10.1016/j.clinbiomech.2011.06.001
https://doi.org/10.3390/jcm10173815
https://doi.org/10.3390/s121216353
https://doi.org/10.3390/s121216353
https://doi.org/10.1038/s42003-022-03017-4
https://doi.org/10.1111/psyp.13326
https://doi.org/10.1111/psyp.13326
https://doi.org/10.1038/s41467-020-20556-8
https://doi.org/10.1126/science.1210617
https://doi.org/10.1016/j.rehab.2010.03.004
https://doi.org/10.1080/00325481.1967.11693032
https://doi.org/10.1152/japplphysiol.90598.2008a
https://doi.org/10.1152/japplphysiol.01070.2003
https://doi.org/10.1152/japplphysiol.01070.2003
https://doi.org/10.1109/BHI50953.2021.9508556
https://doi.org/10.1109/BHI50953.2021.9508556
https://doi.org/10.1152/japplphysiol.00385.2020
https://doi.org/10.1113/jphysiol.1979.sp012732
https://doi.org/10.1113/jphysiol.1981.sp013805
https://doi.org/10.1113/jphysiol.1981.sp013805
https://doi.org/10.1016/S1388-2457(02)00223-7
https://doi.org/10.1200/JCO.2017.76.5966
https://doi.org/10.1101/2021.10.13.460524
https://doi.org/10.1101/2021.10.13.460524
https://doi.org/10.1016/j.jelekin.2010.08.009
https://doi.org/10.1016/j.jelekin.2010.08.009
https://doi.org/10.1152/jn.01096.2010
https://doi.org/10.1007/978-3-319-03518-5
https://doi.org/10.1088/1367-2630/18/10/100201
https://doi.org/10.1088/1367-2630/18/10/100201
https://doi.org/10.3389/fnetp.2021.711778
https://doi.org/10.3389/fncom.2013.00078
https://doi.org/10.1073/pnas.0703993104
https://doi.org/10.1073/pnas.0703993104
https://doi.org/10.1007/s00221-009-2110-0
https://doi.org/10.3389/fphys.2020.00751
https://doi.org/10.1126/sciadv.aat0497
https://doi.org/10.1126/sciadv.aat0497
https://doi.org/10.3389/fnetp.2022.844607
https://doi.org/10.1589/jpts.30.642
https://doi.org/10.1186/1743-0003-11-106
https://doi.org/10.1519/JSC.0000000000001282
https://doi.org/10.1152/jappl.1995.79.1.23
https://doi.org/10.1038/s42003-020-0878-4
https://doi.org/10.1098/rsta.2015.0182
https://doi.org/10.3389/fncir.2015.00062
https://www.frontiersin.org/journals/network-physiology
https://www.frontiersin.org
https://doi.org/10.3389/fnetp.2022.1059793

Garcia-Retortillo and Ivanov

Maillet, J., Avrillon, S., Nordez, A., Rossi, J., and Hug, F. (2022). Handedness is
associated with less common input to spinal motor neurons innervating different
hand muscles. J. Neurophysiol. 128, 778-789. doi:10.1152/jn.00237.2022

Marquez, D. C, von Tscharner, V., Murari, K,, and Nigg, B. M. (2018).
Development of a multichannel current-EMG system for coherence modulation
with visual biofeedback. PLoS One 13, €0206871. doi:10.1371/journal.pone.0206871

McAllister, M., and Costigan, P. (2019). Evaluating movement performance:
What you see isn’t necessarily what you get. Hum. Mov. Sci. 64, 67-74. doi:10.1016/
j-humov.2019.01.003

Nederveen, J. P., Ibrahim, G., Fortino, S. A., Snijders, T., Kumbhare, D., and
Parise, G. (2020). Variability in skeletal muscle fibre characteristics during repeated
muscle biopsy sampling in human vastus lateralis. Appl. Physiology, Nutr.
Metabolism 45, 368-375. doi:10.1139/apnm-2019-0263

Politti, F., Casellato, C., Kalytczak, M. M., Garcia, M. B. S., and Biasotto-Gonzalez, D.
A. (2016). Characteristics of EMG frequency bands in temporomandibullar disorders
patients. J. Electromyogr. Kinesiol. 31, 119-125. doi:10.1016/j jelekin.2016.10.006

Prilutsky, B. I. (2000). Coordination of two- and one-joint muscles: Functional
consequences and implications for motor control. Mot. Control 4, 1-44. doi:10.
1123/mcj4.1.1

Rabin, A., and Kozol, Z. (2017). Utility of the overhead squat and forward arm
squat in screening for limited ankle dorsiflexion. J. Strength Cond. Res. 31,
1251-1258. doi:10.1519/JSC.0000000000001580

Rizzo, R., Garcia-Retortillo, S., and Ivanov, Pc. (2022). Dynamic networks of
physiologic interactions of brain waves and rhythms in muscle activity. Hum. Mov.
Sci. 84, 102971. doi:10.1016/j.humov.2022.102971

Rizzo, R., Zhang, X., Wang, J. W. J. L., Lombardi, F., and Ivanov, P. C. (2020).
Network physiology of cortico-muscular interactions. Front. Physiol. 11, 558070.
doi:10.3389/fphys.2020.558070

Rosenblum, U., Melzer, I, Zeilig, G., and Plotnik, M. (2021). Muscle activation
profile while walking with perturbations. biorxiv. doi:10.1101/2021.01.13.426393

Rossato, J., Tucker, K., Avrillon, S., Lacourpaille, L., Halobar, A., and Hug, F.
(2022). Less common synaptic input between muscles from the same group allows
for more flexible coordination strategies during a fatiguing task. J. Neurophysiol.
127, 421-433. doi:10.1152/jn.00453.2021

Schiaffino, S., and Reggiani, C. (2011). Fiber types in Mammalian skeletal
muscles. Physiol. Rev. 91, 1447-1531. doi:10.1152/physrev.00031.2010

Schwartz, L. M. (2017). Skeletal muscles do not undergo apoptosis during either
atrophy or programmed cell death-revisiting the myonuclear domain hypothesis.
Front. Physiol. 02, 1887-1888. doi:10.3389/fphys.2018.01887

Stalberg, E., and Grimby, G. (1995). Dynamic electromyography and muscle
biopsy changes in a 4-year follow-up: Study of patients with a history of polio.
Muscle Nerve 18, 699-707. doi:10.1002/mus.880180705

Frontiers in Network Physiology

28

10.3389/fnetp.2022.1059793

Thomas, G. A., Riegler, K. E., Bradson, M. L., O’Shea, D. U., and Arnett, P. A.
(2022). Relationship between subjective report and objective assessment of
neurocognitive functioning in persons with multiple sclerosis. J. Int.
Neuropsychol. Soc. 2, 1-8. doi:10.1017/81355617722000212

Ushiyama, J., and Ushiba, J. (2013). Resonance between cortex and muscle: A
determinant of motor precision? Clin. Neurophysiol. 124, 5-7. doi:10.1016/j.clinph.
2012.08.004

Von Tscharner, V., and Nigg, B. M. (2008). Point: Spectral properties of the
surface EMG can characterize/do not provide information about motor unit
recruitment strategies and muscle fiber type. J. Appl. Physiol. 105, 1671-1673.
doi:10.1152/japplphysiol.90598.2008

von Tscharner, V., and Valderrabano, V. (2010). Classification of multi muscle
activation patterns of osteoarthritis patients during level walking. J. Electromyogr.
Kinesiol. 20, 676-683. doi:10.1016/j.jelekin.2009.11.005

Vromans, M., and Faghri, P. D. (2018). Functional electrical stimulation-induced
muscular fatigue: Effect of fiber composition and stimulation frequency on rate of
fatigue development. J. Electromyogr. Kinesiol. 38,67-72. doi:10.1016/j.jelekin.2017.
11.006

Wackerhage, H. (2014). Molecular exercise physiology: An introduction.
Routledge.

Wakeling, J. M., Kaya, M., Temple, G. K., Johnston, I. A., and Herzog, W. (2002).
Determining patterns of motor recruitment during locomotion. J. Exp. Biol. 205,
359-369. doi:10.1242/jeb.205.3.359

Wakeling, J. M., Pascual, S. A, Nigg, B. M., and Von Tscharner, V. (2001). Surface
EMG shows distinct populations of muscle activity when measured during
sustained sub-maximal exercise. Eur. J. Appl. Physiol. 86, 40-47. doi:10.1007/
5004210100508

Wakeling, J. M. (2009). Patterns of motor recruitment can be determined using
surface EMG. J. Electromyogr. Kinesiol. 19, 199-207. doi:10.1016/j.jelekin.2007.
09.006

Wakeling, J. M., and Rozitis, A. I. (2004). Spectral properties of myoelectric
signals from different motor units in the leg extensor muscles. J. Exp. Biol. 207,
2519-2528. doi:10.1242/jeb.01042

Wernbom, M., and Aagaard, P. (2019). Muscle fibre activation and fatigue with
low-load blood flow restricted resistance exercise an integrative physiology review.
Acta Physiol. 228, €13302-€13348. doi:10.1111/apha.13302

Yang, Y., Dewald, J. P. A,, van der Helm, F. C. T., and Schouten, A. C. (2018).
Unveiling neural coupling within the sensorimotor system: Directionality and
nonlinearity. Eur. J. Neurosci. 48, 2407-2415. doi:10.1111/ejn.13692

Yavuz, H. U, Erdag, D., Amca, A. M., and Aritan, S. (2015). Kinematic and EMG
activities during front and back squat variations in maximum loads. J. Sports Sci. 33,
1058-1066. doi:10.1080/02640414.2014.984240

frontiersin.org


https://doi.org/10.1152/jn.00237.2022
https://doi.org/10.1371/journal.pone.0206871
https://doi.org/10.1016/j.humov.2019.01.003
https://doi.org/10.1016/j.humov.2019.01.003
https://doi.org/10.1139/apnm-2019-0263
https://doi.org/10.1016/j.jelekin.2016.10.006
https://doi.org/10.1123/mcj.4.1.1
https://doi.org/10.1123/mcj.4.1.1
https://doi.org/10.1519/JSC.0000000000001580
https://doi.org/10.1016/j.humov.2022.102971
https://doi.org/10.3389/fphys.2020.558070
https://doi.org/10.1101/2021.01.13.426393
https://doi.org/10.1152/jn.00453.2021
https://doi.org/10.1152/physrev.00031.2010
https://doi.org/10.3389/fphys.2018.01887
https://doi.org/10.1002/mus.880180705
https://doi.org/10.1017/S1355617722000212
https://doi.org/10.1016/j.clinph.2012.08.004
https://doi.org/10.1016/j.clinph.2012.08.004
https://doi.org/10.1152/japplphysiol.90598.2008
https://doi.org/10.1016/j.jelekin.2009.11.005
https://doi.org/10.1016/j.jelekin.2017.11.006
https://doi.org/10.1016/j.jelekin.2017.11.006
https://doi.org/10.1242/jeb.205.3.359
https://doi.org/10.1007/s004210100508
https://doi.org/10.1007/s004210100508
https://doi.org/10.1016/j.jelekin.2007.09.006
https://doi.org/10.1016/j.jelekin.2007.09.006
https://doi.org/10.1242/jeb.01042
https://doi.org/10.1111/apha.13302
https://doi.org/10.1111/ejn.13692
https://doi.org/10.1080/02640414.2014.984240
https://www.frontiersin.org/journals/network-physiology
https://www.frontiersin.org
https://doi.org/10.3389/fnetp.2022.1059793

	Inter-muscular networks of synchronous muscle fiber activation
	1 Introduction
	2 Methods
	2.1 Subjects
	2.2 Study design and test protocol
	2.3 Electromyography acquisition and EMG signal processing
	2.4 Spectral decomposition
	2.5 Cross-correlations between time series of EMG spectral power in different frequency bands
	2.6 Fourier phase randomization surrogate test and significance threshold for links strength in networks of inter-muscular  ...
	2.7 Inter-muscular cross-correlation matrices
	2.8 Inter-muscular interaction networks
	2.9 Statistical tests

	3 Results
	3.1 Inter-muscular interaction networks: Rest vs. exercise
	3.2 Inter-muscular interaction networks: Reorganization with fatigue
	3.3 Patterns in inter-muscular network links strength: Reorganization with fatigue

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


