
  

 

Abstract— Motor neurons in the spinal cord receive synaptic 

input that comprises common and independent components. The 

part of synaptic input that is common to all motor neurons is the 

one regulating the production of force. Therefore, its 

quantification is important to assess the strategy used by Central 

Nervous System (CNS) to control and regulate movements, 

especially in physiological conditions such as fatigue. In this 

study we present and validate a method to estimate the ratio 

between strengths of common and independent inputs to motor 

neurons and we apply this method to investigate its changes 

during fatigue. By means of coherence analysis we estimated the 

level of correlation between motor unit spike trains at the 

beginning and at the end of fatiguing contractions of the Tibialis 

Anterior muscle at three different force targets. Combining 

theoretical modeling and experimental data we estimated the 

strength of the common synaptic input with respect to the 

independent one. We observed a consistent increase in the 

proportion of the shared input to motor neurons during fatigue. 

This may be interpreted as a strategy used by the CNS to 

counteract the occurrence of fatigue and the concurrent 

decrease of generated force. 

I. INTRODUCTION 

The estimation of the various components of the synaptic 

input delivered to -motor neurons, is one of the major issues 
in understanding how the Central Nervous System (CNS) 
controls and regulates movements. Motor neurons in the spinal 
cord receive, in fact, both common and independent inputs 
from spinal and supra-spinal regions [1]. In particular, the 
common component of the drive has been shown to be the only 
component necessary for force control [2] and thus, its 
quantification may be useful for better understanding of 
complex physiological phenomena such as fatigue.  
The presence of common synaptic input to motor neurons may 
be either an efficient way to control motor performance [3][4] 
or it may disrupt it [5][6]. The common part of the synaptic 
input to motor neurons induces correlation between output 
spike trains which is thought to arise at a pre-synaptic level [7]. 
This phenomenon is often referred to as “short term 
synchronization” [8] and can be estimated either in the 
temporal domain using cross-correlation techniques [9] or in 
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the spectral domain by computing coherence functions [10]. 
The low frequency range in correlation (up to 5 Hz) reflects 
the usually termed ‘common drive’ to motor neurons [11] 
while the range 5-12 is related to the generation of relatively 
slow movements and tremorogenic oscillations [12]. Higher 
frequency bands are thought to mainly the interaction between 
the motor cortex and the spinal pathways [13].  
We have recently shown that the proportion of the common 
synaptic input tends to increase with force, but there is still a 
debate on changes due to adaptations of the system to fatigue 
[14]. Some investigators have reported an enhancement of 
coherence just in the beta [15] or both in beta and gamma 
bands [16] during fatigue in the Tibialis Anterior [15] and hand 
muscles [16] but other studies have shown an opposite 
behavior [17][18].  

The aim of this work is to investigate the changes in the 
proportion of the common synaptic input to motor neurons 
during fatiguing contractions of the Tibialis Anterior muscle. 
For this purpose, we first introduce a theoretical model of 
coherence as a function of the number of motor unit spike 
trains. A parameter expressing the ratio between common and 
independent components of the synaptic input is introduced 
and used as a novel physiological measure of the common 
input strength [19]. The theoretical derivations will be then 
applied to experimentally recorded motor unit spike trains 
obtained from the Tibialis Anterior muscle of three healthy 
subjects during sustained fatiguing contractions. Results about 
the changes of the new synchronization index during fatigue 
are then presented and discussed.  

II. METHODS 

A. Theoretical modeling 

The new indicator of the strength of common synaptic 
input was estimated by modelling a population of n motor 
neurons and by computing the coherence function on the 
output spike trains. Coherence is a mathematical measure of 
correlation between two signals in the frequency domain and 
its values span the range [0-1], where 0 indicates no correlation 
at all and 1 means a perfect correlation. It is defined as:  
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where Pxy(f) is the cross-spectral density and Pxx(f) and Pyy(f) 
the auto-spectral densities of the two signals, respectively. 
When considering a population of n motor neurons, each 
producing an output discharge pattern, the coherence between 
the sums of two groups of n spike trains is theoretically 
approximated as: 
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where, A represents the power of the common synaptic input 
in the frequency range of interest and B is the power of 
independent synaptic noise. For this approximation, we 
assumed that (i) each of the n motor neurons receives a 
common and an independent input, (ii) the input-output 
relation of the motor neuron is approximately linear [20], (iii) 
the frequency band of the common stimulus is lower than the 
average discharge rate of the n motor neurons, and (iv) the 
susceptibility of the motor neurons is constant in the frequency 
band of interest. In Eq. 2, A is obtained as the product of the 
spectrum of the stimulus modulated by the response function 
of the motor neuron to the stimulus, while B is the power 
spectrum of the output spike train when the motor neuron 
receives only independent noise as input. It is worth noticing 
that, according to Sharafi et al., the independent synaptic noise 
sums linearly with n (i.e. the number of motor neurons), while, 
the common synaptic input sum as n2 [20]. Consequently, the 
common component of the synaptic input increases 
quadratically with the number of motor unit in the motor 
neuron pool.  

Coherence, as expressed by Eq. 2, is a monotonic function 
increasing with the number of spike trains (n) and with the 
variation of the common input with respect to the independent 
one [21][22]. This rising rate becomes faster as soon as the 
independent component is canceled. The upper limit of this 

function is 1. The ratio  between the power of the common 
synaptic input and the power of the independent input is given 
by the ratio between A and B: 

B

A
           (3) 

From a physiological point of view,  represents the proportion 
of the common synaptic input with respect to the independent 
one and thus can be used as an estimator of the strength of the 
common synaptic input to motor neurons.  

B. Experimental Validation 

The theory presented has been experimentally validated 
using high density surface electromyographic recordings 
obtained during sustained fatiguing contractions.  

Participants - Three healthy men (age: 32±0.5) performed 
sustained contractions of the Tibialis Anterior muscle at three 

different force levels. The experimental protocol was 
approved by the local ethical committee (approval no. 
04/12/11) and an informed consent was signed by all the 
participants.  

Experimental Protocol - Participants were seated on a 
commercial dynamometer device (Biodex Multi Joint System 
3, Biodex Medical systems, Shirley, NY) with the leg fully 
extended and the foot attached to a force transducer by means 
of Velcro straps. Participants were instructed to dorsiflex the 
ankle by tracking a visual feedback of the force level to be 
maintained. Each contraction was then sustained until the 
subjects reached the task failure, identified as the time instant 
when the force produced dropped of 10% MVC with respect 
to the target force for more than 2 s. The three contractions 
were performed on separate days and were randomized in 
order.  

EMG Acquisition and Processing - High density surface 
EMG signals (sEMG) were recorded using a 64 channels array 
(8-mm inter-electrode distance; OT Bioelettronica, Torino, 
Italy), mounted on the surface of the Tibialis Anterior muscle 
with an adhesive foam. The sEMG signals were amplified 
(EMG-USB, LISiN - OT Bioelettronica, Torino, Italy), 
sampled at 2048 samples/s, and then digitized with a 12 bit 
A/D converter. Only the first (‘beginning’) and the last 30 s 
(before task failure, ‘fatigue’) of the electromyographic 
recordings were decomposed into motor unit spike trains using 
the CKC decomposition algorithm [23]. The correlation 
between identified motor unit spike trains (MUST) was 
estimated by computing coherence between the unfiltered 
composite spike trains (CST), obtained as the sum of the trains 
of discharge times in the decomposed time interval [21][24]. 
For both beginning and fatigue conditions, the CST was 
obtained by varying the number of MUST between 1 and the 
maximum number possible, i.e. half of the number of spike 
trains available for that particular subject and contraction level. 
For each number of MUST in the CST, we computed 100 
realizations of coherence. A single estimate was then obtained 
by averaging coherence across all realizations and integrating 
in the frequency range [1-5] Hz, i.e. the bandwidth of the 
common synaptic input [2].  

Statistics - The coherence values obtained for each subject 
and each contraction level as a function of the number of spike 
trains in the CST were fitted with Eq. 2. The values of the A 
and B parameters were then used to calculate γ according to 

Eq. 3 for both conditions (beginning and fatigue).  values are 
reported for each condition and contraction level as mean ± 
standard deviation.  

III. RESULTS 

We decomposed a total number of 312 motor unit spike 
trains (150 for the beginning and 162 for the fatigue 
condition). 

The average maximum number of motor units used to 
compute the CST was different among contraction forces: 9±2 
for the beginning and 10±3 for the fatigue at 20%MVC, 7±2 



  

for the beginning and 7±1 for the fatigue at 50%MVC and 
lastly 5±1 for the beginning and 6±1 for the fatigue at 75% 
MVC. In Figure 1, coherence profiles obtained by varying the 
number of MUST in the CST are depicted.  

 

Figure 1.  Coherence profiles obtained by varying the number of motor unit 

spike trains in the CST are depicted for the first 30 s of a 20% MVC 

contraction. Two vertical dotted grey lines have been placed to mark the 
frequency range in which the coherence values were averaged (1-5 Hz).  

The coherence estimates integrated in the 1-5 Hz range 
were then fitted using the curve expressed by Eq. 2.  

Figure 2 shows an example of the fitting of the coherence 
values for the 20% MVC force level. The coherence estimates 
obtained by averaging across 100 realizations and by varying 
the number of spike trains in the CST are depicted as mean ± 
standard deviation in blue and yellow for the beginning and 
the fatigue condition, respectively. As soon as the number of 
spike trains used to compute the CST increases, the variance 
of the coherence estimation tends to decrease, being almost 
equal to zero for the last point in both conditions. The squared 
2-norm of the residuals of the fitting decreased for the fatigue 
curve at both 20% and 50%MVC. Values are reported in Table 
I.  

TABLE I. 
SQUARED 2-NORM OF THE RESIDUALS OF THE NONLINEAR FITTING  

OF THE COMPUTED COHERENCE VALUES,  
AVERAGED ACROSS ALL SUBJECTS FOR EACH FORCE LEVEL 

SQUARED 2-NORM OF RESIDUALS OF  

NON-LINEAR FITTING 

FORCE LEVEL BEGINNING FATIGUE 

20% MVC 0.02±0.01 0.004±0.001 

50% MVC 0.01±0.01 0.003±0.001 

75% MVC 0.01±0.004 0.01±0.003 

 

The example reported in Figure 2 highlights how during 
fatigue the coherence values increases with respect to the 
beginning for all numbers of MUST, due to an increase of the 
proportion of common input with respect to the independent 
one.  

 

Figure 2.  Example of fitting of the coherence values estimated at the 

beginning and at the end of a 50%MVC fatiguing contraction with the curve 
of Eq. 2. The theoretical curve is depicted in grey for both conditions. It is 

possibile to notice how the experimental values fit the theoretical curve and 

how the standard deviation decreases as soon as the number of motor unit 
spike trains in the CST increases. 

This behavior has also been confirmed by the increased values 

reported for . In fact,  changed from 0.52±0.1 to 0.71±0.1 

and from 0.61±0.1 to 1.13±0.02, for 20% and 50% MVC, 

respectively. As mentioned before for the squared 2-norm of 

the residuals, we did not report any substantial variations in γ 

values during fatigue for 75% MVC (Figure 3). 

 

Figure 3.  Average and standard deviation of  values across all subjects 

and for all contraction levels.  represents the ratio between the power of the 
common synaptic input and the power of the synaptic noise in the frequency 

range 1-5 Hz. Therefore it can be used as an indicator of the strenght of the 

common input with respect to the independent one. During fatigue  values 
increase for force levels such as 20% and 50% MVC.  

IV. DISCUSSION 

We investigated the changes in the strength of common 
synaptic input to motor neurons with respect to the 
independent one during fatiguing contractions at different 
force targets. We have shown that in conjunction with the 
occurrence of task failure the common part of the synaptic 
input increases its proportion. When fatigue occurs the Central 



  

Nervous System intensifies the common component of the 
synaptic input shared across motor neurons. It has also been 
demonstrated that motor neurons are regulated by a balance 
between the excitatory and inhibitory synaptic inputs. 
However, when the level of net excitation increases, the 
conductance and the fluctuations in the membrane potentials 
do the same, resulting in an overall increase of the synaptic 
noise [25]. With our results we show that in conditions of 
increased excitation to motor neurons due to fatigue, the 
proportion of shared input increases even more. This is evident 
for force levels such as 20% and 50%MVC. We also 
considered contractions at 75%MVC, but for this force target 
we did not report any change in the relative contribution of the 
common synaptic input.  

The strength of the common synaptic input was estimated 

with a novel parameter, i.e. , which is the ratio between the 
power of the common synaptic input and the power of 
independent synaptic noise in the frequency range 1-5 Hz. This 
parameter was estimated by using theoretical modelling to 
define a function expressing the changes in coherence with 
respect to the number of motor unit spike trains used for its 
calculation. We demonstrated that the theoretical association 
between coherence and number of spike trains is valid within 
small errors (Table I) and we used it for assessing the strength 
of common input when fatigue develops (Figures 1-3).  

V. CONCLUSION 

In this paper, a new indicator of common input strength has 

been introduced and applied in the context of the neuro-

physiological changes induced by the occurrence of fatigue. 

Through theoretical and experimental derivations we have 

reported that during fatigue the strength of the common 

component of the synaptic input to motor neurons increases 

with respect to the non-common one. This may be interpreted 

as a strategy used by CNS to counteract the occurrence of 

fatigue and the concurrent decrease in force. 
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