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Chapter VII

Epilogue

De boom weerspiegelt het leven
Elke aftakking een eigen verhaal

De een dik de ander dun
Breekbaar en vertrouwd

En ik wil ze allemaal bewandelen

11 februari 2015
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VII.I Muscles to control
Steering of multiple muscles during everyday movements seems ‘simple’ 
although it does require control along many degrees of freedom. Solutions to 
this control task are not unique and the neuromuscular system has to live with 
tremendous redundancy. The study of co-varying activity of multiple muscles 
can reveal profound characteristics of coordination and how the redundancy 
is handled and even exploited in movement. One example for this might be 
the switching between modes of interlimb coordination or the more gradual 
change thereof during motor development. Connectivity analysis on different 
time and frequency scales can disclose distinct interactions in the neuromuscular 
system. This may start with the formation of muscle synergies but extends to the 
formation of muscle networks, a central topic in this thesis.

In Chapter I, the redundancy problem of the neuromuscular system was 
outlined, adopting much of the terminology introduced by Bernstein (1967). 
It appeared that our neuromuscular system tackles this redundancy by forming 
limited but dynamically changing sets of motor modules by synchronising activity 
of the motor units of multiple muscles. Here, three methods to study these 
formation processes were highlighted: the identification of muscle synergies, the 
assessment of intermuscular coherence and decomposition of information that 
is shared or transferred by or between muscles. Muscle synergy analysis has been 
widely used to study motor control. Intermuscular coherence and, especially, 
information decomposition are techniques that only recently entered the study 
of motor control. This is particularly true when combining them with network 
analysis which – in this thesis – formed a backbone to quantify interactions 
between skeletal muscles across the entire body. The following three chapters 
dwelled extensively on the methodological aspects of these methods. These 
studies relied on experimental data acquired during quite stance while adult 
participants conducted pointing tasks. Subsequently, (some of ) the approaches 
were applied to obtain more insight into whole-body muscle control, first in 
adults to understand the necessity of coordinating arm swing when walking, 
and second in toddlers to tackle the importance of body weight control and the 
integration of sensorimotor information for independent walking.

In Chapter II, a multiplex network approach was presented to assess 
intermuscular coherence. Networks constructed in different frequency bands 
differed significantly in their structure and their association with behavioural 
task. This raised the conjecture that frequency-dependent (networks of ) 
intermuscular coherences reflect distinct types of interactions between muscles 
induced by separate neural pathways. Yet, by combining these frequency-
dependent networks into a multiplex network, the different types of connectivity 
could be considered simultaneously, which allows for identifying cumulative or 
interactive control of these pathways. This approach can be very informative, 
albeit indirectly, about causes of connectivity in the neuromuscular system 
compared to studying these pathways separately or as one single network. 
Chapter III elucidated the degree to which the structure of the musculoskeletal 
system may prescribe the functional connectivity observed in the muscle network. 
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It turned out that the (co-)activation patterns at muscle level can be largely 
explained by a combination of biomechanical constraints and the (peripheral) 
neuro-anatomical organisation of the motor system. Manipulation of postural 
control and pointing behaviour induced frequency-specific modulations in the 
aforementioned multiplex network. This again suggests that different frequency 
components may reflect distinct neural circuitry that presumably yield spinal 
activity patterns that collaboratively project onto motor neurons to support 
dedicated movements. In Chapter IV, information decomposition of muscle 
activity revealed confined changes in muscles that are involved in pointing or 
postural tasks. Directed interactions between muscles were observed suggesting 
the activity of neural circuitry transferring information over the entire body 
during whole-body movement tasks.

In the subsequent chapters, the experimental paradigm shifted to investigate 
fundamental aspects of walking. In Chapter V, muscle synergy, intermuscular 
coherence and network analysis were combined to study speed-induced switches 
in the coordination between the arms and legs during walking. Network analysis 
disclosed different modular structures of synergies and intermuscular coherence 
networks. The latter showed strong and clustered connectivity at higher 
frequencies between the upper and lower body and between the legs when the 
arms were locked to the stride frequency. Given the conjectured interpretation 
of frequency-dependent connectivity as resemblance of distinct neural pathways, 
the speed-induced switches in the coordination between the arms and legs are, 
hence, likely a result of distinct control strategies. Whether this implies different 
motor control, here for loaf versus normal walking, or whether this might be 
a consequence of condition-dependent multi-sensory integration remains to 
be seen. To address this question in a slightly different context, in Chapter VI 
network analysis in the study of the development of muscle synergies was 
implemented in relation to body weight support during walking in toddlers. 
There, muscle synergy analysis revealed that at the onset of independent walking, 
control continues to progress and, especially, the integration of proprioceptive 
input is not fully developed yet. For the study in Chapter V (and the ones in 
Chapters II-IV) this may imply that the suggested, distinct neural pathways may 
not be restricted to the transfer of efferent information but that afferents could 
be likewise paramount.

VII.II Connectivity in the neuromuscular system
The different chapters presented similarities in the activity of multiple muscles to 
unravel how the neuromuscular system deals with the redundancy in the motor 
system. Different experimental paradigms, focusing on adults and toddlers, 
were used and analysis on different time and frequency scales were applied to 
yield a comprehensive overview of the coordinated activity of multiple muscles. 
Synchronisation of motor unit activity contributes to the control problem that 
the neuromuscular system has to master (Farmer, 1998). Apparently, control is 
becoming two-fold: motor units have to be synchronised; once this is achieved, 
only limited sets of functional modules – the synchronised units – have to be 
steered via a few or even a ‘single’ controller to realise coordinated movements. 
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VII.II.I Muscle synergies
The envelop dynamics of muscle activity decomposed in muscle synergies have 
been shown in many different behavioural tasks and animals (e.g. d’Avella, Saltiel, 
& Bizzi, 2003; Dominici et al., 2011; Ting & McKay, 2007; Torres-Oviedo & 
Ting, 2007). Modular control in muscle synergies often reveals synergies which 
are robust across tasks, while others are dependent on the task (Nazarpour et al., 
2012). This phenomenon also appeared in switches in interlimb coordination 
and in toddlers at the onset of independent walking.

Q5. How is neuromuscular activity affected by changes in load-related 
proprioceptive information during the development of independent 
walking?

In toddlers at the onset of independent walking a reorganisation of muscle 
synergies was found: While children with several months of walking experience 
only showed modulations in the strength of the synergies, toddlers during their 
first independent steps presented both amplitude and wave form modulations. 
Surprisingly, the general shape of the temporal patterns of the muscle synergies 
barely changes during the life span and the primary motor pattern for walking 
(Dominici et al., 2011; Ivanenko et al., 2004) is already present at the onset 
of independent walking in toddlers. This indicates that clustering of muscle 
activities to reduce the degrees of freedom in walking already exist in early life 
and only evolves limited. Only the amplitude of the newly emerging patterns are 
affected (Dominici et al., 2011), supporting their weight bearing contribution. 
The effect of unloading is phase-specific (Finch et al., 1991; Harkema et al., 1997; 
Sylos-Labini et al., 2014) implying that the sensitivity of muscle synergies for 
changes in proprioceptive information is different. This may explain why muscle 
synergies are differently affected by sensorimotor information (Torres-Oviedo 
& Ting, 2010) and indicate that the underlying neural pathways involved in 
the control of the different synergies may be different as well (Lacquaniti et 
al., 2012; Roeder et al., 2018; Sylos-Labini et al., 2011). However, in Chapter 
VI muscle synergies in toddlers only fairly changed when the body weight was 
supported for more than 35%, which is in accordance with the moment the 
kinematic overshoot of the foot appears in toddlers that are externally supported 
(Dominici et al., 2007). When supported, the information integrated by the 
neuromuscular system may hence no longer suffice to preserve the primary 
motor pattern for walking in toddlers. It seems that the integration of load-
related information is key in the ability for toddlers to control the body weight 
in independent walking.

In Chapter V and Chapter VI, both children and adults showed that muscle 
synergy organisation is flexible and that the gain can be modulated depending 
on the demands of the task and, during body weight support manipulations, 
the integration of sensorimotor information. However, the wave forms of the 
muscle synergies during walking barely changed and these synergies seem to be 
the building blocks of human locomotion that group the activity of multiple 
muscles to a low-dimensional manifold during walking. Yet, the control of 
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these synergies and the underlying neural mechanisms are unclear. Changes in 
synergies could be caused primarily by functional constraints imposed by the 
task and biomechanical characteristics of the musculoskeletal system (Bruton & 
O’Dwyer, 2018; Kutch & Valero-Cuevas, 2012; Neptune et al., 2009).

Q4. To what extend does neuromuscular activity resemble changes in 
interlimb coordination during walking?

When walking speed changes and the coordination between the legs and arms 
switches, the strength and wave form of muscle synergies change as well. This 
suggests that there is an evolvement in both the amount of muscle activity 
needed for the switch in coordination as well as a change in the timing of the 
activity of muscles. The shift in timing has been shown before (Ivanenko et 
al., 2004; Yokoyama et al., 2016). Yet, the contribution of arm muscles was 
relatively high in the muscle synergies in which the timing of the activation was 
changed. This underwrites the importance of the arm swing and arm muscle 
activity in walking (Craik et al., 1976; Goudriaan et al., 2014; Meyns et al., 
2013) and their contribution to phase-specific modulations in muscle activity 
during switches in interlimb coordination. The difference between modes of 
coordination is hence not only an additional demand in terms of effort, but 
accompanied by a reorganisation of the muscle synergies. 

VII.II.II Intermuscular coherence
Intermuscular coherence has been used to study synchronised oscillatory 
activity to spinal motor neurons (Boonstra & Breakspear, 2012; Boonstra et 
al., 2016) and can even be assessed without large fluctuations in the envelop 
dynamics of the electromyographic (EMG) signal. The oscillatory activity of 
motor units in multiple muscles appears at various frequencies (Boonstra, 
Daffertshofer, et al., 2009; Farmer et al., 1993) and at specific frequency bands 
in both postural control (Boonstra et al., 2015) and walking. The frequency 
bands in which intermuscular coherence occurred, appears relatively constant 
across whole-body tasks, i.e. these frequency components underlie physiological 
processes possibly representing the neural pathways involved in motor control. 
Linking synchronised oscillatory activity to these pathways in the neuromuscular 
system disentangles the importance of these pathways in motor control. Their 
contribution has been examined by different experiment paradigms and revealed 
task-specific modulations of intermuscular coherence (Boonstra et al., 2015; 
Conway et al., 1995; Farmer et al., 1993; Levine et al., 2014), and here by 
manipulating the behavioural demands on postural control and different 
pointing tasks (Chapter II and Chapter III) and during walking (Chapter V).

Pronounced intermuscular coherence at low frequencies was found within 
and between the lower leg muscles when standing on an unstable surface and 
during walking, while this synchronisation occurred at higher frequencies 
within the arms when pointing at a target. Connectivity at very low frequencies 
(0-3 Hz) was directly related to the slow-temporal behavioural output of the 
movement and showed similarities to the results of the synergy analysis. The 
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additional value of intermuscular coherence analysis in motor control could be 
found in the higher frequencies of the muscle activity. Connectivity in the theta 
frequency band (4-7 Hz) appeared both in postural control and in walking tasks 
and might originate from the olivocerebellar system (McAuley et al., 1999). 
Connectivity within this frequency range has been shown to be important in 
the regulation of synergistic movements (Arshavsky, Gelfand, & Orlovsky, 
1983). It may hence not surprise that coherence in this frequency band was also 
closely related to functional connectivity patterns as shown in muscle synergies 
and decreased when more demanding control was required, e.g. in an accurate 
pointing task. Connectivity between 6 and 11 Hz is often found in bilateral 
motor control (Boonstra, Daffertshofer, et al., 2009, 2008; Danna-Dos-Santos 
et al., 2014) and appeared during postural instability between the upper legs and 
was involved in the arm-leg coupling during walking when the arms were locked 
to the stride frequency. Connectivity in this frequency band may originate from 
indirect cortical projections to spinal motor neurons providing the opportunity 
for divergent projections from a higher-level source to activate multiple muscles 
not directly anatomically linked to each other, yet, with a complementary 
function as in walking or postural control. Beta coherence (15-30 Hz) within 
and between the arms was high during pointing and between the legs when 
postural stability was challenged. Previously, the importance of cortical control 
in motor control during locomotion has been emphasised by cortico-muscular 
coherence in this frequency band (Drew & Marigold, 2015; Gwin & Ferris, 
2012; Petersen et al., 2012) and intermuscular coherence was elevated in the 
coordination of the legs relative to the trunk and within the legs during walking. 
This presumably cortical control of muscles was also increased in precise control 
of the arm muscles relative to the trunk and to each other when pointing on a 
target. In both, postural control and walking, a broad frequency band was found 
between 21 and 60 Hz, important in local connectivity within the upper body 
and the upper legs. 

VII.II.III Information decomposition
Coupling mechanisms in multiple physiological subsystems can be assessed 
with information theoretic measures (Faes et al., 2014; Zanetti et al., 2019). 
In Chapter IV, these measures served to assess the activity of multiple muscles 
including instantaneous and time-lagged comparisons. Directed interactions 
suggested the task-specific information flow to multiple muscles via the activity 
of neural circuitry.

In Chapter IV, information measures indicated a functional coupling 
between muscles confined to the muscles involved in postural control. Accurate 
control in, for example, (bi)manual pointing was associated with an uncoupling 
of muscles quantified in a decrease in the transfer of information and an 
increase of total information. More locally organised activity might require to 
precisely control arm muscles and less afferent information of other muscles 
needs to be integrated. Synergistic control of muscles to stabilise the body 
was, in contrast, associated with an increase in the transfer, storage and total 
information, indicating clustered activity of multiple muscles to properly control 
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the movements of the entire body. High information storage may result from 
recurrent oscillatory activity (Faes et al., 2014), which can be seen as ongoing 
regulatory activity of muscles. When a task requires well-tuned coordination of 
multiple muscles, increased regulatory activity and integration of proprioceptive 
information is needed, which answers:

Q3. What (type of ) information flow is involved in the control of multiple 
muscles?

VII.III The neuromuscular system as a network
The use of network analysis enables the study of similarities in connectivity 
between multiple muscles. It accommodates the study and comparison of 
clustered muscle activities on different time and frequency scales and provides 
a framework to reveal whole-body motor control. Muscle networks based on 
muscle synergies, intermuscular coherence and information decomposition 
showed analysis- and task-specific characteristics. Previously, Boonstra et al. 
(2015) constructed muscle networks based on intermuscular coherence between 
leg muscles during postural control. Chapter II extended this approach to a 
muscle network of the entire body, while in Chapter III-VI networks based 
on muscle synergies, intermuscular coherence, information decomposition all 
underscored task-specific connectivity in the neuromuscular system during 
both postural control and walking. This may in fact suggest the presence of 
multifunctional neural circuits with projections onto motor neurons of multiple 
muscles, in which functional connectivity is organised and can be modulated 
under different conditions.

Q2. How is motor control constrained by anatomical properties?

Functional muscle networks revealed both local and global connectivity 
during postural control and walking which induced a modular structure of 
the coherence-based network that largely agreed with that of the anatomical 
muscle network (Chapter III). The movement pattern is constrained by the 
musculoskeletal characteristics (Chiel & Beer, 1997; Kuo & Zajac, 1993) and, 
hence, the functional network appears to be embodied by the structure of the 
musculoskeletal system with strong intermuscular coherence between muscles 
with a small anatomical distance. Yet, a key characteristic of the functional muscle 
network was the bilateral connectivity between the lower legs and between the 
lower arms, which seemed to be functionally organised (Boonstra et al., 2007; 
de Vries et al., 2016) and highlights additional neural constraints involved in 
the control of multiple muscles. In contrast, muscle synergy networks failed to 
disclose a modular structure indicating phase-specific co-activation of muscles 
(Ivanenko et al., 2004) rather than clustering of muscles across the gait cycle 
(Chapter V). This flexible clustering allows for the control of movements in 
specific joints and across the entire body during the different phases of the gait 
cycle, which emphasises that muscle synergy networks highlight different aspects 
of modular motor control compared to coherence-based muscle networks.



124 Muscles on the edge

Differences between muscle networks became more pronounced when 
focusing on task-induced modulations of these networks in walking. Task-
specific modulations are known for muscle synergies in both the temporal 
activity patterns and muscle weightings (Hagio, Fukuda, & Kouzaki, 2015; 
Yokoyama et al., 2016). Yet, network analysis highlights the clustering of muscles 
and developmental changes within this clustering. In Chapter VI, the muscle 
synergy network revealed that muscle synergies are functional motor modules 
important during the different phases of the gait cycle. Despite of an indication 
of topological changes in the muscle synergy networks, development did not 
induce a complete reorganisation of muscle groupings between toddlers at the 
onset of walking and with about half a year of walking experience. However, a 
higher number of interlimb connections and higher clustering of muscles was 
present in toddlers during their first independent steps compared to children 
with about half a year of walking experience, which might be an effect of higher 
co-contraction in less experienced walkers (Teulier et al., 2012).

As mentioned above, the coherence-based networks involved various 
frequency bands which are differently affected by postural control and interlimb 
coordination during walking. Connectivity at these frequencies was confined 
to a specific type of functional interaction dependent on the demands of the 
task. The topological changes in the coherence-based networks strengthen the 
hypothesis of the involvement of distinct neural pathways in the control of 
posture and, more specifically, muscle synergies that differ between slow and 
normal walking and maybe even cause the switch in interlimb coordination.

Information decomposition additionally revealed task-specific directed 
changes in the muscle networks. Despite of long-distance edges, the connectivity 
in the information networks was more local organised than in the synergy 
networks and revealed coupling of muscles with an allocated function in the 
motor behaviour. The differences between the networks indicate that these 
information theoretic measures display additive information relative to each 
other and to muscle synergies and intermuscular coherence.

Multiplex network analysis provide the opportunity to compare layers 
(De Domenico et al., 2014) of synergy or coherence networks and, by this, 
to study the contributions of layers in the control of multiple muscles and to 
reveal their modulations. In both cases, synergies or frequency components, 
respectively, were not independent of each other and when one synergy or 
frequency component will be removed or modified, the motor pattern will be 
affected substantially. In general, the modular structure over the layers provides 
information about the control of multiple muscles and characterises how generic 
clusters are distinctively affected by motor demands. 

VII.IV Functional, anatomical and neural 
connectivity
Muscle networks cluster muscles based on a combination of functional, 
anatomical and neural constraints. The modularity in the neuromuscular system 
is not accompanied by a complete reorganisation in different motor tasks or 
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during development. Both local and global connectivity patterns were found in 
the muscle networks. Apparently, movement is controlled on a whole-body level 
instead of the movement of two segments relative to each other.

Muscle synergies, intermuscular coherence and information decomposition 
unravel overlapping but distinct processes in the control of multiple muscles 
during motor behaviour. While muscle synergies reveal functional connectivity 
to deal with the degrees of freedom of the neuromuscular system, intermuscular 
coherence networks highlight functional but also anatomical and neural 
constraints that induce clustered muscle activities. Bilateral connectivity was 
found in intermuscular coherence and in the conditional transfer indicating that 
the activity of muscles across limbs can be coupled by functional and neural 
links. The redundancy in the neuromuscular system can hence be controlled 
by synchronisation of motor units projecting to multiple muscles. This 
synchronisation is constrained by the biomechanical characteristics of the human 
body and can occur on the level of muscle synergies with muscles instantaneous 
active and inactive accounting for the functional demands of the task performed, 
but also on a neural level in which oscillatory afferent and efferent information 
is transferred to spinal motor neurons projecting to multiple muscles. These 
different neural pathways are presumably displayed in different frequencies of 
intermuscular coherence and in information measures and collectively coordinate 
the control of multiple muscles or muscle synergies. 

Throughout these studies and looking at the plenitude of literature they were 
built on, it seems save to answer the question:

Q1. How does synchronised muscle activity contribute to whole-body motor 
control?

by stating that the demands of the control of multiple muscle during functional 
movements in daily life can hence be substantially reduced by synchronisation 
of oscillatory activity via these pathways. The combination of anatomical, 
functional and neural constraints in modular control of movement creates the 
possibility to perform many functional behaviours, but without the complexity 
induced by the high number of degrees of freedom in the neuromuscular system, 
which answers

How does the neuromuscular system coordinate multiple muscles?

VII.V Outlook
Decomposing the changing information in and between muscles at different time 
and frequency scales may allow for tackling the dynamics of the information flow 
in distinct neural pathways. Time and frequency connectivity analysis of heart 
beat and cortical activity revealed the latter’s predictive value of the first (Faes et 
al., 2014). In muscle networks, the changing information at specific frequency 
components may help to directly assess the information flow between and to 
muscles due to afferent and efferent sources. This will be particularly useful if 
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connectivity in muscle synergies, frequency components and information measures 
are combined. Along these lines, an edge-centric network was recently constructed 
based on brain activity (Faskowitz, Esfahlani, Jo, Sporns, & Betzel, 2019) in order 
to assess connectivity between different brain circuits. Adopting this approach to 
neural circuits in the control of movement may provide a comprehensive overview 
of the connectivity found between muscles and their neural origin. 

In this thesis, connectivity in the neuromuscular system was assessed by 
means of surface EMG. Electroencephalography is commonly used in the 
study of motor control (Boonstra, van Wijk, et al., 2009; Bruijn, Van Dieën, & 
Daffertshofer, 2015; Drew & Marigold, 2015; Petersen et al., 2012) and using 
muscle activity in combination with brain and spinal activity can provide a more 
direct assessment of the sources of oscillatory activity found in motor units. 
Including the activity of multiple subsystem in the analysis of motor control 
may boost our understanding of the interactions in the neuromuscular system 
important in the control of movement.

In sum, the analysis of muscle activity in the time and frequency domain 
and assessing connectivity between multiple muscles with network analysis will 
be helpful in advancing our understanding of motor control. Muscle synergies 
cluster the envelop dynamics, while intermuscular coherences extract the 
higher frequency oscillations in the activity presumably representative for the 
underlying neural pathways. Information theoretic measures additionally help to 
examine the direction of the information flow in these pathways in the control 
of multiple muscles in different functional movements. The work in this thesis 
is a next step in network analysis of information at different time and frequency 
scales to disentangle information about coordination of the activity of multiple 
muscles across the human body by the neuromuscular system.


