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Chapter I

Introduction

Soms maak je een keuze die je de verkeerde weg op leidt
Die weg leidt je echter altijd weer vooruit

3 oktober 2018
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I.I Redundancy in the neuromuscular system
Coordination of movement and dexterity are important ingredients for daily 
functioning. Even if movements are seemingly simple, the corresponding 
control task can be very complicated. The neuromuscular system comes with a 
huge number of degrees of freedom, rendering the combinatorial optimisation 
problem immense. Yet, many of its solutions are equally feasible which implies 
a substantial redundancy in the motor system (Bernstein, 1967). This becomes 
particularly apparent when the entire body is involved in motor performance, 
to think of upright stance or locomotion, where the neuromuscular system has 
to control hundreds of muscles. It is commonly believed that when controlling 
such performances, our muscles are dynamically grouped and steered as such, 
because this can drastically reduce the number of the to-be-controlled degrees of 
freedom and, by this, the aforementioned redundancy. 

The overarching premise that underlies this thesis is that the neuromuscular 
system controls only limited task-dependent sets of muscles employed by distinct 
supra-spinal and spinal pathways that may or may not interact with each other. 
Neural circuits at a spinal level arguably induce stereotyped activation patterns, 
for which accurately timed cortical activity may not be a prerequisite (Rossignol, 
2000). Some of these networks may generate basic motor patterns (Brown, 1911; 
Grillner, 1973; Harkema et al., 1997; Yang, Logan, & Giszter, 2019), while 
others also integrate information from muscle spindles, i.e. type Ia and II afferent 
fibres, and other proprioceptive information of, for example, mechanoreceptors 
in the skin (Takakusaki, 2013). This integration might be essential for the ability 
to learn functional motor skills (Vaal, Van Soest, & Hopkins, 2000), and to 
coordinate limb movements relative to each (La Scaleia et al., 2018; Seiterle, 
Susko, Artemiadis, Riener, & Igo Krebs, 2015) and, in particular, to walk 
(Harkema et al., 1997; Ivanenko, Poppele, & Lacquaniti, 2004).

I.II Connectivity in the neuromuscular system
Even if movements are complex, they may originate from the activation of only 
a small number of muscle groups (Bizzi, D’Avella, Saltiel, & Tresch, 2002; 
d’Avella, Saltiel, & Bizzi, 2003; Dominici et al., 2011; Ivanenko, Cappellini, 
Dominici, Poppele, & Lacquaniti, 2005; Ivanenko et al., 2004; Ting et al., 2015; 
Torres-Oviedo & Ting, 2007; Tresch & Jarc, 2009; Tresch, Saltiel, & Bizzi, 
1999; Yokoyama, Ogawa, Kawashima, & Shinya, 2016). These groups are coined 
muscle synergies, motor primitives or motor modules. Controlling groups of 
muscles rather than individual ones can considerably reduce the cost of motor 
control. The control strategy may be identified as co-activation of muscles when 
assessed via electromyography (EMG). Co-activation can be present on different 
time or frequency scales, i.e. in the dynamics of the activity envelope or the high-
frequency activation of motor units.
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I.II.I Muscle synergies
The most prevalent approach to assess modularity in the neuromuscular system is the 
study of muscle synergies by looking at the slow muscle dynamics. As such, the study 
of muscle synergies may provide information about whether groups of muscles are 
co-active in time during a movement phase (Dominici et al., 2011). It typically relies 
on the EMG envelope, which is often assessed via non-negative matrix factorisation 
(NNMF). In brief, NNMF linearly decomposes temporal activity patterns of 
multiple muscles into a small set of modes that contain a temporal pattern and 
corresponding spatial representation of muscle weightings (Figure I.I).

Muscle synergies are task specific (Cheung, d’Avella, & Bizzi, 2009; Ivanenko 
et al., 2005; Torres-Oviedo, Macpherson, & Ting, 2006), though, some might 
be merely modulated or scaled as a function of task (Chvatal & Ting, 2013; 
Nazarpour, Barnard, & Jackson, 2012; Ting & Macpherson, 2005) and they 
clearly change in the course of development (Dominici et al., 2011; Sylos-Labini 
et al., 2020; Yang et al., 2019). While the spatial organisation of a muscle synergy, 
i.e. the muscle weightings, may reflect anatomical and biomechanical constraints 
of the motor task under study (Kutch & Valero-Cuevas, 2012), the origin of its 
temporal patterning is still subject of debate. It may originate from synchronised 
neural activity projecting to multiple muscles from a common neural origin at 
spinal (Grillner, 2011) or supra-spinal levels (Grosse, Cassidy, & Brown, 2002). 

I.II.II Intermuscular coherence
Synchronised neural activity in the brain is often studied in terms of functional 
connectivity (e.g. Mima, Matsuoka, & Hallett, 2000). More recent studies 
extended this approach to the interaction between brain and muscles (e.g. 
Boonstra, van Wijk, Praamstra, & Daffertshofer, 2009; Halliday, Conway, 
Farmer, & Rosenberg, 1998; Kilner, Baker, Salenius, Hari, & Lemon, 2000; 
Mima, Steger, Schulman, Gerloff, & Hallett, 2000;  Yang, Solis-Escalante, van 

Figure I.I Schematic representation of muscle synergy extraction. Muscle activity 
patterns during the gait cycle (m1, m2, m3, and m4, left) are decomposed in two muscle 
synergies (s1 and s2) with the decomposed muscle weightings (middle) and the temporal 
patterns (right).
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de Ruit, van der Helm, & Schouten, 2016; Yokoyama et al., 2019), and between 
muscles (e.g. Aumann & Prut, 2015; Boonstra, Daffertshofer, Van As, Van der 
Vlugt, & Beek, 2007; Boonstra et al., 2015; Boonstra, Farmer, & Breakspear, 
2016; Farmer, Bremner, Halliday, Rosenberg, & Stephens, 1993; Kilner et al., 
2000). Given the oscillatory characteristics of neural firing, including that of 
motor units, functional connectivity is typically quantified via intermuscular 
coherence (Farmer, 1998) in multiple frequency bands (Boonstra et al., 2015). 
While synergy approaches concentrate on correlations between muscle activities 
in the time domain, intermuscular coherence represents the correlation between 
muscles in the frequency domain. Intermuscular coherence is high when muscle 
activities are synchronous (phase locked) over a frequency range (cf. Figure I.II).

Similar to the synergy analysis, intermuscular coherence at low frequencies, 
i.e. below 3 Hz, can be related to biomechanical constraints of the musculoskeletal 
system (Kutch & Valero-Cuevas, 2012) and the co-modulation of muscle 
activities (Boonstra, Roerdink, et al., 2008; De Luca & Erim, 1994; Mochizuki, 
Semmler, Ivanova, & Garland, 2006), while, in contrast, coherence at higher 

Figure I.II Schematic representation of intermuscular coherence between multiple 
muscles. Muscle activity patterns and their power spectra (m1, m2, and m3) and the 
coherence between the muscle activity patterns (c12, c13, and c23).
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frequencies might be a direct indicator of oscillatory activity in the central 
nervous system (de Vries, Daffertshofer, Stegeman, & Boonstra, 2016; Kilner et 
al., 2000; McAuley & Marsden, 2000). Coherent activity at 3-10 Hz presumably 
stems from oscillations in the olivocerebellar system in the brainstem involved 
in the formation of groups with functionally related muscles (McAuley, Farmer, 
Rothwell, & Marsden, 1999). Intermuscular coherence at 8-12  Hz has been 
thought to originate from higher-level sources via cortico-spinal projections to 
spinal interneurons. Intermuscular coherence at 15-30  Hz is widely accepted 
as cortical in origin (de Vries et al., 2016; Farmer et al., 1993; Reyes, Laine, 
Kutch, & Valero-Cuevas, 2017), mono-synaptically innervating motor neurons 
and facilitating the processing of proprioceptive information (Aumann & Prut, 
2015; Petersen, Willerslev-Olsen, Conway, & Nielsen, 2012). Coherence above 
30  Hz has been linked to propriospinal pathways integrating proprioceptive 
information (Levine et al., 2014).

I.II.III Information decomposition
Supplementing the correlation-like synergy analysis and the coherence-
based functional connectivity, one can assess the flow of information in the 
neuromuscular system by information decomposition. This has been exemplified 
in the study of interactions between physiological subsystems in the human 
body (Faes, Nollo, Jurysta, & Marinazzo, 2014). The general aim of information 
decomposition is to distinguish between target, source and external processes, 
with the latter two affecting the target. In brief, one quantifies the information 
produced, stored and transferred within and between the subsystems. To start 
with, mutual information quantifies the shared information of two subsystems. 
Transfer entropy is the time-lagged conditional mutual information and hence 
includes information about the dynamics of information flow (Schreiber, 2000). 
Conditional mutual information and conditional transfer entropy exclude the 
information caused by other sources than the two considered subsystems to 
study their interaction (Figure I.III). 

Muscles are biomechanically and functionally related to many other muscles and 
the activity of a muscle may affect the activity of other muscles. The information flow 
in the neuromuscular system can represent the direction of activity that multiple 
muscles share and may hence be particularly informative about the effect of one 
muscle on the other. Information-related measures help to discriminate between 
processes in the neuromuscular system, e.g. the integration of proprioceptive 
information or that of spinal and supra-spinal control. The combination of these 
measures potentially provides a complementary overview of how physiological 
systems interact with each other (Faes & Nollo, 2011).

I.III The neuromuscular system as a network
The contribution of neural circuits to motor control can be summarised as a 
network with a modular structure of neural structures and pathways. Network 
analysis has been used to map structural and functional connectivity in the brain 
(Sporns & Betzel, 2016), more general anatomy (Esteve-Altava, Diogo, Smith, 
Boughner, & Rasskin-Gutman, 2015; Molnar, Esteve-Altava, Rolian, & Diogo, 
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2017; Murphy et al., 2018; Powell et al., 2018) and physiologically interacting 
subsystems (Bashan, Bartsch, Kantelhardt, Havlin, & Ivanov, 2012; Faes et al., 
2014; Ivanov, Liu, & Bartsch, 2016; Jeong, Tombor, Albert, Oltvai, & Barabási, 
2000). It can be considered powerful in providing a comprehensive overview of 
many to many interactions (Bassett & Sporns, 2017) and may rewire through 
changes in the task, coordination or evolutional development (Lacquaniti, 
Ivanenko, D’Avella, Zelik, & Zago, 2013).

Physiological networks consist of functional units (nodes) and their 
interactions (edges). These functional units can be brain areas, physiological 
systems or muscles. Interaction can be given by the anatomical structure or by 
the correlation or coherence between activities of the functional units. Once 
a network is defined, its topology can be quantified using graph theoretical 
measures (Bullmore & Sporns, 2009; Rubinov & Sporns, 2010). Nodes with 
many edges to the same nodes can be grouped in clusters, communities or 
modules. By construction, a module has many internal edges while the number 
of connections between modules is limited (Bullmore & Sporns, 2009; Didier, 
Brun, & Baudot, 2015; Mucha, Richardson, Macon, Porter, & Onnela, 2010). 

When the functional units have different levels of interactions (Gosak 
et al., 2018; Ivanov et al., 2016), these different levels can be combined in a 
multilayer or multiplex network. Using a multiplex approach allows for studying 
interactions of different biological processes in conjunction (Bennett, Kittas, 
Muirhead, Papageorgiou, & Tsoka, 2015; De Domenico et al., 2014) and here 
to study the interaction between large sets of muscles in different frequency 
bands or synergies.

Figure I.III Schematic overview of information measures based on three subsystems 
affecting each other. Time series j, i, and k of system  are used to compute information 
measures: present (red) and past values (light red) of the target; present (blue) and past 
values (light blue) of the source; present (green) and past values (light green) of the remaining 
processes. The Venn diagram in the middle depicts instantaneous information metrics: H 
represents the entropy, mutual information between the target and the source is depicted in 
pink and the labelled part gives the conditional mutual information through which common 
effects from other processes are conditioned out. The Venn diagram in the right panel depicts 
time-lagged information metrics: information storage is depicted in yellow, transfer entropy 
is depicted in light pink, conditional transfer entropy is the labelled part of the light pink area, 
and total transfer entropy is the sum of the pink and orange areas. Adapted from Boonstra, 
Faes, Kerkman, & Marinazzo (2019).
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I.IV Research questions
The preceding subsections emphasised that the control of complex movements 
in daily life requires dexterous control of the neuromuscular system. As such 
it comes as no surprise that the studies summarised in this thesis circle seek to 
answer:

How does the neuromuscular system coordinate multiple muscles?

Starting point here is the idea that motor control is realised by reducing the 
many degrees of freedom in the motor system by generating limited sets of 
motor modules. Moreover, the modules are seemingly steered via synchronised 
muscle activity from different neural pathways. The upcoming chapters focus on 
EMG activation patterns in muscles distributed over the entire body observed 
during whole-body motor tasks. They all contain novel applications of the 
aforementioned, very recent methods, and are centred around the following 
research questions:

Q1. How does synchronised muscle activity contribute to whole-body motor control?
Q2. How is motor control constrained by anatomical properties?
Q3. What (type of ) information flow is involved in the control of multiple muscles?
Q4. To what extend does neuromuscular activity resemble changes in interlimb 

coordination during walking?
Q5. How is neuromuscular activity affected by changes in load-related proprioceptive 

information during the development of independent walking?

In particular, the final studies, on interlimb coordination during walking in 
adults and on proprioceptive feedback manipulation by means of body weight 
support during walking in toddlers, highlight the benefits of the here advocated 
methodological advances.

I.V Outline thesis
Three ways to analyse muscle activity will be employed: envelope activity, 
coherence and information-related measures. In all these cases, network 
analysis will serve to study altered whole-body EMG patterns as a function of 
experimentally induced changes in motor behaviour.

Chapter II starts with an introduction to intermuscular coherence during 
postural control in multiple frequency bands. Multiplex networks are constructed 
in which these spectral fingerprints can be assessed and related to functional motor 
control. Chapter III focuses on high frequency oscillations in EMG signals. 
Network analysis serves to compare structural (i.e. anatomical) and functional 
connectivity, and to study modulations of functional connectivity in postural 
control during pointing tasks. The information flow in these muscle networks 
is assessed in Chapter IV to unravel task-related changes in the functional 
interaction of multiple muscles and, by this, to examine how muscles influence 
each other. In Chapter V different modes of interlimb coordination during 
walking are considered. Dynamic connectivity of the neuromuscular system is 
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estimated based on either muscle synergies or intermuscular coherence in the 
search for neural underpinnings of switches in coordination. Here, network 
analysis serves to quantify differences between synergy and coherence networks, 
in general, and, especially in coherence networks between interlimb coordination 
patterns. Chapter VI combines muscle synergies and muscle synergy networks to 
study developmental changes in independent walking. This chapter focuses on 
the influence of changes in proprioceptive information by supporting the body 
weight in toddlers to study sensorimotor integration and its effect on motor 
control at the onset of independent walking. The final Chapter VII provides a 
more general discussion about benefits and pitfalls of time and frequency domain 
analyses, and speculates about the use(fulness) of muscle network analysis as 
well as about potential implications for our understanding of motor control. 
By summarising the different studies, the afore-listed research questions will be 
answered point by point.


