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Mapping muscle networks using surface EMG recorded from multiple muscles across the human body 

By applying complex network analysis to EMG recordings from muscles across the body, we provide a novel 

application of EMG with potential for translation to movement disorders. We use intermuscular coherence analysis to 

assess functional connectivity between muscles and map the muscle networks at different frequencies. We observe 

functional connectivity between muscles that are functional or anatomically related. The network structure is also 

dependent on the postural tasks that are performed. These muscle networks reflect common input from neural 

pathways that project to the spinal motor neurons. This novel approach allows to assess the neural circuitry involved in 

the coordination of muscles from non-invasive surface EMG recordings and has the potential for clinical application 

by identifying how coordination breaks down in movement disorders such as Parkinson's disease. 

Even a simple act, such as shifting posture, requires coordinating the activity of a large number of muscles. The 

mechanisms and circuitry in the central nervous system responsible for human motor coordination remain largely 

unknown. We proposed network analysis as a novel approach to investigate the functional interactions between 

muscles distributed across the body (Fig. 1). This approach reveals that functional interactions among muscles are task 

and frequency dependent and shaped by the anatomy of the neuromuscular system. Intermuscular coherence is 

observed in four distinct frequency bands, which are consistent across two independent data sets. Functional 

interactions are not static but display task-dependent modulations at specific frequencies. These results suggest that 

these frequency components reflect the spectral fingerprints of different neural pathways that project onto the spinal 

motor neurons. This method therefore offers a non-invasive approach to investigate the involvement of neural 

pathways in different postural control tasks. The use of EMG to estimate the neural input to spinal motor neurons that 

innervate muscles lies at the heart of this approach. 

 

 

Fig. 1 Data analysis pipeline for constructing 

muscle networks from EMG signals. Surface EMG 

is measured from a large number of muscles 

distributed across the body. Intermuscular coherence is 

computed between all muscle pairs. Non-negative 

matrix factorization (NNMF) is then used to 

disentangle the coherence spectra into distinct 

frequency components and provide the corresponding 

weightings that define the edges of the muscle 

networks. Complex network analysis can then be used 

to quantify the topology of function interactions 

between muscles and statistically compare the network 

structure across conditions and groups. 

 

Network analysis has been widely used in different areas of medicine such as neuroscience. Brain networks have 

resulted in a paradigm change in neuroimaging research and resulted in large-scale projects such as the Human Brain 

Project. We have now shown that network analysis can also be applied to surface EMG recorded from multiple 

muscles to identify principles that integrate distributed activity within the central nervous system and coordinate 

muscle activity during postural control. Such an integrative framework – using network analysis to map functional 

interactions within the central nervous system–provide new insights into the mechanisms and pathways involved in 

motor coordination. By mapping disruptions in the structure of muscle networks, this approach has potential for 

clinical translation by providing insight into the neural mechanisms underpinning motor disturbances observed with 

normal ageing and movement disorders such as Parkinson’s Disease.. 
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Mapping muscle networks using surface EMG recorded from multiple muscles across the human body 

 

This approach was initially developed and tested in a data set in which surface EMG was recorded from 10 leg muscles 

while healthy participants (n=18) performed different postural tasks. Intermuscular coherence was estimated between 

all pairs of leg muscles revealing coherence in different frequency bands. Network analysis was used to construct 

muscle networks and statistically compare networks across frequencies (Fig. 2). This study was published in Scientific 

Reports. 

 

Fig. 2 Undirected muscle networks obtained using 

non-negative matrix factorization of intermuscular 

coherence. The coherence spectra are decomposed into 

four frequency components: 0-3 Hz (A), 3-11 (C), 11-25 

(B) and 25-60 Hz (D). Each factor is characterized by 

the extracted feature (frequency spectrum in the left 

column) and the loadings of this feature that define the 

weights of the muscle network. The right columns show 

the average loading across subjects for each condition 

separately (control, height, cup and counting). These 

loadings give the strength of the edges between the 10 

nodes of each muscle network.  

 

We subsequently applied this approach to EMG data acquired from 36 distributed throughout the body (whole-body 

EMG) in healthy participants (n=14). This confirmed the distinct network topology across frequencies (Fig. 3). We 

show that functional interactions between muscles are shaped by the anatomical constrains but also modulated by task 

conditions. This paper was published in Science Advances. The article received considerable attention (Altmetric score 

of 128) and I have been invited to present this study at different international meetings. 

 

Fig. 3 Structure of multiplex functional muscle 

networks. (A) Frequency spectra of the four 

components obtained using NNMF confirming the same 

frequency bands (0-3, 3-11, 11-21 1-60 Hz. (B) 

Multiplex community structure of functional muscle 

network across frequencies and conditions. The 

dominant hand of all participants is displayed on the 

right side of the human body. (C) Spatial representation 

of the average muscle network displayed on the human 

body (D) Binary muscle networks for each layer 

Peer-reviewed journal publications 

• Network structure of the human musculoskeletal system shapes neural interactions on multiple timescales. Science 

Advances 4, eaat0497, 2018. 

• Muscle networks: Connectivity analysis of EMG activity during postural control. Scientific Reports 5: 17830, 2015 

Invited presentations 

• Network structure of the human musculoskeletal system shapes neural interactions on multiple timescales. Institute 

of Movement Neuroscience Seminar, University College London, UK, October 2017. 

• The organization of functional muscle networks: Methods and implications. 39th Annual International Conference 

of the IEEE Engineering in Medicine and Biology Society, Jeju Island, Korea, July 2017. 

• Investigating the neural substrate of motor coordination using muscle networks. XXI Congress of the International 

Society of Electrophysiology and Kinesiology (ISEK), Chicago, USA, July 2016. 

 

 


