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Castronovo AM, Negro F, Conforto S, Farina D. The proportion of
common synaptic input to motor neurons increases with an increase in net
excitatory input. J Appl Physiol 119: 1337–1346, 2015. First published
September 24, 2015; doi:10.1152/japplphysiol.00255.2015.—�-Motor
neurons receive synaptic inputs from spinal and supraspinal centers
that comprise components either common to the motor neuron pool or
independent. The input shared by motor neurons—common input—
determines force control. The aim of the study was to investigate the
changes in the strength of common synaptic input delivered to motor
neurons with changes in force and with fatigue, two conditions that
underlie an increase in the net excitatory drive to the motor neurons.
High-density surface electromyogram (EMG) signals were recorded
from the tibialis anterior muscle during contractions at 20, 50, and
75% of the maximal voluntary contraction force (in 3 sessions
separated by at least 2 days), all sustained until task failure. EMG
signal decomposition identified the activity of a total of 1,245 motor
units. The coherence values between cumulative motor unit spike
trains increased with increasing force, especially for low frequencies.
This increase in coherence was not observed when comparing two
subsets of motor units having different recruitment thresholds, but
detected at the same force level. Moreover, the coherence values for
frequencies �5 Hz increased at task failure with respect to the
beginning of the contractions for all force levels. In conclusion, the
results indicated that the relative strength of common synaptic input to
motor neurons increases with respect to independent input when the
net excitatory drive to motor neurons increases as a consequence of a
change in force and fatigue.

common synaptic input; motor neuron; net excitation; task failure;
coherence; motor neuron spike trains

MOTOR NEURONS RECEIVE both common and independent synap-
tic inputs from the motor cortex, brain stem, and spinal cir-
cuitries (32). These inputs are integrated to generate trains of
action potentials. The ensemble of motor neuron activations is
referred to as the neural drive to the muscle (4). The presence
of common synaptic input to motor neurons determines a
certain degree of correlation in the output trains of discharge
times (48) which depends on the strength of the common
synaptic input with respect to the independent synaptic noise
(15, 39). The investigation of the correlation between the spike
trains discharged by a pool of motor neurons makes it possible
to infer the connectivity of the pool with the spinal and cortical
circuitries (38). The synchronization in discharge times has
been attributed to excitatory and inhibitory postsynaptic poten-
tials arriving at the motor neuron from branch axons of the

presynaptic neurons (29), to the activity of interneuronal cir-
cuits or peripheral afferents (50), or to the presence of oscil-
lators within the motor cortex or brain stem (49).

Even if the origin of common input to motor neurons is not
fully understood, it has been recently postulated that the
common synaptic input to motor neurons represents the effec-
tive neural drive delivered to muscles (20). Indeed, the cumu-
lative output of the motor neurons in the pool corresponds to an
averaging process that filters out independent components
while transmitting common components (20). Therefore, the
common input is the only input component that influences the
control of force (19). The presence of common input and, as a
consequence, of correlated activity of motor neurons is thus
necessary for force control. The neural drive to muscle is a
noisy version of the common input where the noise is progres-
sively attenuated for greater numbers of recruited motor neu-
rons (20). A simple model that represents common and inde-
pendent input to motor neurons is described in the APPENDIX.

The degree of correlation between motor unit discharge
times induced by common input can be investigated either in
the time or in the frequency domain (with coherence analysis)
(45, 24). The correlation at frequencies �3 Hz is associated
with the so called “common drive” (16), while the � band
(5–12 Hz) is related to the production of slow movements (53)
and physiological tremor (13), the � band (15–30 Hz) to the
corticospinal drive, and the low � band (30–60 Hz) to the
activity of the motor cortex (10). For a given number of
discharge times used for the estimation of coherence between
groups of motor units, the coherence magnitude is associated to
the relative proportion of common synaptic input with respect
to the independent inputs to motor neurons (39).

The presence of a synchronous activity between motor
neurons plays an important role in the understanding of how
the nervous system controls muscle forces. On the one hand,
delivering common synaptic input to motor neurons allows
the central nervous system to regulate force efficiently (23,
3, 47, 37). On the other hand, a too high level of synchro-
nization due to common input may disrupt the motor per-
formance (2, 27, 55).

In this study, we compared the proportion of common input
with respect to independent input using coherence analysis
between groups of motor units during sustained isometric
contractions of the tibialis anterior muscle at different net
excitation levels. Given the fact that the common input may be
originated by multiple sources, we will refer to common input
as the total amount of synaptic input that is shared across the
motor neurons in the pool. The change in the excitation level to
the muscle was obtained either by changing the force produced
by the muscle or by sustaining a single force level until task
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failure. Because the number of shared projections to the motor
neuron pool presumably increases with an increase in excita-
tion drive, we hypothesized that the relative strength of com-
mon input would increase with both increasing force and
during the sustained isometric task.

Preliminary results of this study have been reported in
abstract form (11, 12).

MATERIALS AND METHODS

Participants. Ten healthy men (age: 31.6 � 3.4 yr) volunteered for
the study. None of the participants reported a previous history of knee
or ankle pathology or surgery. An informed written consent, approved
by the Ethical Committee of the Universitätmedizin Göttingen (ap-
proval no. 04/12/11), was signed by all the subjects before participat-
ing in the experiments.

Experimental protocol. The participants performed sustained iso-
metric contractions of the tibialis anterior muscle until task failure at
20, 50, and 75% of the maximal voluntary contraction (MVC) force.
Task failure was defined as the time instant when the subject exerted
a force 10% MVC below the target force for an interval of time of 2
s. The three task failure tasks at the three force levels were performed
on separate days (2 days minimum separation) and were randomized
in order. At the beginning of each experimental session, the partici-
pants were asked to progressively increase the ankle dorsiflexion force
to the maximum force level and to maintain it for 3 s. This task was
repeated three times. The highest force value among the three trials
was taken as reference value for the MVC. The measure of the MVC
was repeated after the end of the isometric contraction to verify the
occurrence of fatigue. The participants were provided with a visual
feedback of force during the execution of each trial.

Force and electromyogram recordings. The participants were
seated in an upright position, with the right leg fully extended and
with the foot restrained in a force transducer (Biodex Multi Joint
System 3, Biodex Medical systems, Shirley, NY). The angle of the
ankle was �20° with respect to the neutral position (0°). The leg was
fastened to the isokinetic device by means of Velcro straps to avoid
altering the position of the ankle throughout the tasks. The force
signals were sampled at 5,000 samples/s. Surface electromyographic
(EMG) signals were recorded from the tibialis anterior muscle by
using a semidisposable adhesive matrix with 64 channels (8-mm
interelectrode distance; OT Bioelettronica, Torino, Italy), mounted on
the surface of the muscle with an adhesive foam. The skin was shaved,
lightly abraded with abrasive paste (Meditec-Every, Parma, Italy), and
cleansed before placing the electrodes. The EMG signals were re-
corded in differential mode, amplified (EMG-USB, LISiN–OT Bio-
elettronica, Torino, Italy), sampled at 2,048 samples/s, and digitized
via a 12 bit A/D converter. The data recorded were analyzed off-line
by using custom written codes developed in MATLAB (Mathworks,
Natick, MA). The first 10 s after the beginning of the task and the last
10 s before task failure were analyzed.

Force data analysis. Force traces were low-pass filtered with a
fourth-order Butterworth filter with a cutoff frequency of 20 Hz. The
data, sampled at 5,000 Hz, were downsampled to 2,048 Hz and then
synchronized with the EMG traces. Force steadiness was quantified by
using the coefficient of variation of force, defined as the percent ratio
between the standard deviation and the mean force.

Surface EMG analysis. Surface EMG signals were band-pass
filtered with a 20–500 Hz Butterworth filter. EMG amplitude was
estimated as the root mean square value of the central signal of the
grid. The multichannel surface EMG signals were then decomposed
into motor unit spike trains by using the convolution kernel compen-
sation (CKC) decomposition framework (25). This algorithm relies on
blind source separation and guarantees high accuracy in the identifi-
cation of motor unit discharges for the tibialis anterior muscle even at
high contraction levels (26). Spike trains of single motor units were

then obtained with a sampling frequency of 1,000 samples/s. The
instantaneous discharge rate of each of the decomposed motor units
was smoothed by using a 1-s Hanning window and then averaged
across the pool to characterize the global discharge. The variability of
the interspike interval was estimated by calculating the coefficient of
variation of the unfiltered motor unit spike trains for each force level
and both conditions. This parameter has been computed as the
percentage of the ratio between the standard deviation and the average
values of firing times in a moving window of 1 s and by using an
overlap of 90%.

The degree of correlation between spike trains was calculated in the
frequency domain by means of coherence analysis on the unfiltered
composite spike trains (summation of individual spike trains) (38, 39).
The analysis was performed on two groups of five motor unit spike
trains each, summed to obtain a cumulative spike train per group (39).
It has been previously demonstrated that the correlation between
cumulative trains of discharges of motor neurons monotonically
increases with the number of motor unit spike trains used for its
calculation (39, 20). The function representing the coherence value as
a function of the number of motor neuron spike trains is therefore a
monotonically increasing function. In particular, the rate of the in-
crease depends on the proportion of common input with respect to the
independent one, with a faster increase when more common input is
present. Thus for a similar number of motor units used for the
estimation, differences in coherence represent differences in the
strength of common input. When coherence is computed between
pairs of motor units, the estimated correlation strength tends to be
weaker than the one computed between the summed spike trains of
two populations of motor units. The estimated correlation tends to
increase with the number of motor units up to a saturation value. This
is a consequence of the summation process as well since it tends to
cancel the noncorrelated components of the synaptic input so that only
correlated signal components remain in the output (39, 44, 42). In this
study, we analyzed the coherence values across conditions assuring
the same number of motor unit spike trains in each group. This
number was five and was chosen as a tradeoff between the minimum
number of motor units identified at the highest contraction level and
a sufficient number of units to reach a high sensitivity in the compar-
isons with respect to the classic approach (i.e., coherence between
pairs of motor units; see Ref. 44 for details). The coherence obtained
in this way was then compared across force levels and between fatigue
stages, with the final aim of providing a single measure representative
of the entire data set. The magnitude squared coherence values were
estimated by using the mscohere function of MATLAB, with a 1-s
Hanning window and an overlap of 90%. The obtained values were
then averaged (“pooled”) across the total number of combinations
(i.e., 100).

The coherence values (C) were converted to Fisher’s values (FZ),
and then an intrinsic bias was removed from each profile.

FZ � arctanh��C� (1)

The Fisher’s transformation acts as a normalization procedure for the
variance of the coherence estimates (8) and it has been used in several
other studies (36, 34, 14, 43). The bias was empirically determined as
the maximum value of the coherence profile for frequencies higher
than 100 Hz since no significant correlated activity exists in this range
(4). The coherence profiles were averaged across subjects and ana-
lyzed in the frequency bands 1–5 , 5–10 , 10–30 , and 30–80 Hz.
Since overlapped segments were used to compute coherence to
decrease the bias and the variance of the estimation, we decided not
to normalize the Fisher’s value, as instead it is recommended by
Amjad and colleagues (1). In fact, when overlapped windows are
used, the statistics of the magnitude squared profiles is unknown (7).

For the sustained tasks, since the motor units decomposed at the
beginning and at the end of the tasks were presumably different
because of progressive recruitment, we also repeated the estimation of
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the coherence restricted only to those motor units that could be
identified both at the beginning and at the end of the contractions. This
analysis was performed on a reduced number of subjects (three) at
only one contraction level (50% MVC) because of the difficulty in
matching individual motor units over the full duration of task failure
tasks. We decomposed the entire trials by dividing the overall duration
in epochs of 10 s. The motor units that were identified in the first
epoch were then matched with the ones in the next epoch by using
spike-triggered averaging and 2D correlation analysis. Only the motor
units that were firing in the first 10 s and were still firing in the last 10
s of the trial were considered for coherence analysis. The results in
this subset of data allowed us to exclude the changes in coherence that
were observed over time during the sustained contractions (see RE-
SULTS) due to differences in recruitment thresholds of the identified
motor units.

The analysis of common units could not be performed across
different force levels since the recordings for each level were per-
formed on separate days with subjects exhibiting different values of
maximal force. However, to exclude an effect of the recruitment
threshold in the comparisons (17), we assessed differences in coher-
ence between groups of motor units with different thresholds within
the same contraction level. For this purpose, we first identified the
motor units firing during the 50% MVC initial ramp contraction, and
then we estimated their recruitment thresholds. Subsequently, these
motor units were matched with the ones identified in the first 10 s of
the sustained tasks at both 20 and 50% MVC. This analysis was
performed on three subjects for each contraction level. The recruit-
ment threshold range identified for each pool of motor neurons was
then divided into two groups with respect to the median value of the
interval. Values lower than the median were used to identify low-
threshold motor units and, in the same way, values higher than the
median characterized the high-threshold motor units. Then, for each
subject and for each group of motor units, the pooled coherence was
computed according to Amjad and colleagues (1). These values were
then converted to Fisher’s values; an inherent bias was also removed
from each coherence profile by subtracting the maximal coherence
value for frequencies higher than 100 Hz (4).

To evaluate changes in the estimated pooled coherence between
low- and high-threshold motor neurons, we also computed the stan-
dard difference of the coherence test at each frequency as follows:

�Z � FZ2 � FZ1 (2)

Since also in this case the same number of overlapped segments were
used to calculate coherence in both conditions, we decided not to
normalize the difference of Fisher’s z scores. To identify frequency
bands with consistent changes in coherence due to the recruitment
threshold, the �Z profiles again underwent Stouffer’s method; in this
way, a positive value of �Z indicated greater coherence estimations
for the high-threshold motor units while negative values indicated the
opposite.

Statistics. All the extracted variables underwent a Kolmogorov-
Smirnov test to check the assumption of being normally distributed.
Since most of them were not distributed according to a standard
normal distribution, nonparametric statistical tests were used. In fact,
it has been reported that a nonparametric approach performs better in
the case of multiple comparisons and in the control of type I errors
(34). First of all, a Friedman’s test was performed by using a data
structure of 10 	 3 	 2 [by using 10 subjects as repetitions, 3 force
levels, and 2 conditions (beginning vs. fatigue)]. Because of the
restriction of Friedman’s test, it was not possible to evaluate the
mutual interactions a priori. Thus nonparametric statistical tests
were computed on significant residuals. A Wilcoxon rank sum test
was applied to evaluate the changes introduced by the sustained
contraction (beginning vs. task failure) for the same variables
(coefficient of variation of force, firing rate, coefficient of variation
of interspike interval, EMG root mean square, and coherence). A
Kruskal-Wallis one-way analysis of variance (with force level as a

factor) was instead applied to the residuals to characterize the influ-
ence of an increased contraction force on force steadiness, EMG
amplitude level, discharge frequency and its variability, and coher-
ence between motor unit spike trains. All differences were considered
significant for P values less than 0.05. For the analysis conducted on
the groups of motor neurons with different recruitment thresholds
within the same force contraction, the Z-transformed coherence values
of the �Z profiles higher than �1.65 in each of the frequency bands
of interest were considered as statistically influenced by the recruit-
ment threshold of the motor neurons. All differences were considered
significant for P values less than 0.05. For the analysis conducted on
the groups of motor neurons with different recruitment thresholds
within the same force contraction, the Z-transformed coherence values
of the �Z profiles higher than �1.65 in each of the frequency bands
of interest were considered as statistically influenced by the recruit-
ment threshold of the motor neurons.

RESULTS

We decomposed 1,245 motor units in total, with an average
number of 21 � 7 motor units per contraction force per subject.
An example of the motor unit discharge trains obtained from
the decomposition of 30 s of EMG signal at the beginning and
at the end of a 20% MVC contraction is shown in Fig. 1.

Figure 2 shows the results for the coefficient of variation of
force, the EMG root mean square, the discharge frequency, and
its variability when force increased. The coefficient of varia-
tion of force increased with force (P 
 0.002), from 0.7 �
3.3% (20% MVC) to 0.8 � 2.7% (50% MVC) to 1.6 � 1.9%
(75% MVC) (Fig. 2A). The EMG amplitude also increased
with the exerted force (P 
 0.0001) by 88.7 � 47.4% from
20% to 50% MVC, by 230 � 104.6% from 20% to 75% MVC,
and by 84.7 � 47.7% from 50% to 75% MVC (Fig. 2B). The
average discharge rates of the identified motor units were 11 �
0.8 pps (20% MVC), 14.7 � 1.9 pps (50% MVC), and 15.8 �
2.6 pps (75% MVC) (Fig. 2C). Also, the variability of the
interspike interval increased with contraction level (P 

0.001). In particular, it varied from 18.01 � 8.3% (20% MVC)
to 25.03 � 11.1% (50% MVC) to 34.03 � 11.7% (75% MVC)
(Fig. 2D).

Immediately after task failure, the maximal voluntary force
decreased significantly for all contraction levels (by 21.2 �
12.6% at 20% MVC, P 
 0.001; 22.7 � 6.2% at 50% MVC,
P 
 0.00001; 11 � 5.6% at 75% MVC, P 
 0.003). Figure 3
shows the coefficient of variation of force, the EMG-RMS, the
discharge frequency, and the coefficient of variation of the
interspike interval at the beginning of the sustained contrac-
tions and at task failure. In particular, at task failure, the
coefficient of variation of force increased with respect to the
beginning of the contraction for the force levels of 20 and 50%
MVC (0.7 � 0.2% vs. 3.3 � 1.9% at 20% MVC; 0.8 � 0.3%
vs. 2.7 � 1.7% at 50% MVC), but not for 75% MVC (1.6 �
0.7% vs. 1.9 � 1.3%) (Fig. 3A). The surface EMG amplitude
also increased at the end with respect to the beginning of the
contractions only for 20 and 50% MVC (50 � 20 �V vs. 80 �
40 �V for 20% MVC; 90 � 20 �V vs. 150 � 50 �V for 50%
MVC) and not for 75% MVC (150 � 50 �V vs. 200 � 80 �V)
(Fig. 3B). The increase in surface EMG amplitude at task
failure was not associated with the global discharge rate since
discharge rate did not change significantly during the fatiguing
contractions (Fig. 3C). Instead, the variability of the discharge
timings changed with fatigue only at 20 and 50% MVC force
levels (18.01 � 8.3% vs. 26.4 � 12.6%, P 
 0.01, for
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20% MVC and 25.03 � 11.1 vs. 38.2 � 10.3, P 
 0.005, for
50% MVC) but it did not show any significant changes for the
75% MVC (34.03 � 11.7 vs. 35.5 � 10.7, P 
 0.67). These
changes are shown in Fig. 3D.

Common synaptic input. The magnitude of the coherence
differed for the three force levels. Figure 4, A and B, show the
coherence and the z-coherence profiles, respectively, pooled

across all subjects for each of the three force targets. The
coherence values increased with force only for � and � bands
(Fig. 4C, � band P 
 0.03; � band P 
 0.04). To exclude the
possibility that this result was due to differences in recruitment
thresholds between the compared motor unit populations, we
made an additional analysis of motor units with different
thresholds but analyzed at the same force level. Despite that it
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Fig. 1. Example of motor unit discharge times identified from the decomposition of 10 s of electromyogram (EMG) signals at the beginning (left) and at the end
(right) of a 20% maximal voluntary contraction (MVC) contraction. The bold black line on the top represents the force signal in the corresponding time intervals
considered for the decomposition (units, �V). At the beginning of the contraction (left) there is a substantial recruitment of additional motor units (MU) over
time, which continues until the approaching of task failure (right). As can be noticed from the figure at right, the number of motor units decomposed is higher
than the beginning and the recruitment phenomenon is still present.
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square (RMS, �V) (B); motor unit discharge
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of variation of the interspike interval (ISI)
expressed as a percentage (%) (D). Data shown
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force oscillations increase with the contraction
level and so does the EMG activity level due to
the higher number of motor units recruited.
The discharge characteristics and the variabil-
ity of the discharge change as well with the
force level. *P � 0.05.
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has been recently shown that the synchronization of the motor
neuron firings depends on the recruitment threshold (17), we
did not find any statistical difference in coherence values at
different force intensities due to recruitment threshold. Further-
more, the overall number of action potentials discharged by the
decomposed motor units at different forces for all subjects did not
change significantly (from 261 � 70 at 20% MVC to 306 � 129
at 50% MVC to 289 � 174 at 75% MVC, P 
 0.86).

The coherence between motor unit spike trains was signifi-
cantly greater at the end with respect to the beginning of the
fatiguing task, mainly in the common drive bandwidth. More-
over, the influence of conditions (beginning vs. task failure) on
force levels was reported to be significant only in the � and �
bands (P 
 0.0001 and P 
 0.02, respectively). The coherence
profiles at the beginning and at the end of the task are depicted
in Fig. 5, A–C. Analysis on residuals showed that the coher-
ence values in the � range increased at task failure with respect
to the beginning of the contraction for all force levels, whereas
in the �-band this occurred only for contractions at 20% MVC
(Fig. 5).

We also calculated the correlation between the coefficient of
variation of force and the coherence for the frequency bands of
interest. As expected, the � and � ranges showed a positive
correlation with the force variability (R2 
 0.3 and R2 
 0.2,
respectively), while poor or no correlation at all was reported
for the � and � ranges.

The coherence was also computed for the motor unit spike
trains obtained from 7 � 2 motor units per subject that were
tracked along the entire duration of a 50% MVC contraction of
three subjects.

Figure 6A shows the coherence profiles obtained for each
subject from the same motor units for the first and the last 10
s of a 50% MVC contraction. Figure 6B shows the coherence

profiles obtained by averaging over the three subjects. In
agreement with the results obtained with the entire pool of
motor units, the coherence values computed on this subgroup
of units and averaged across subjects increased in the � (from
0.2 � 0.1 to 0.4 � 0.1) and � (from 0.12 � 0.1 to 0.3 � 0.1)
bands and in the � and � ranges (from 0.01 � 0.01 to 0.12 �
0.1 and from 0.01 � 0.0 to 0.04 � 0.03), respectively. This test
indicated that the increase in coherence with fatigue cannot be
explained only by additional recruitment of motor units with
higher thresholds during the fatiguing tasks. The behavior was
consistent for all the three subjects.

DISCUSSION

This study analyzed the common synaptic input to the motor
neuron pool of the tibialis anterior muscle during sustained
contractions at different force intensities and with fatigue. The
main observation was an increase in coherence values between
motor unit spike trains when increasing force and when fatigue
occurred. This observation indicates a relative increase in the
proportion of common synaptic input to motor neurons with
respect to the independent input when the net excitatory input
to the motor neurons increases.

It has been previously shown that when the excitatory drive
to motor neurons increases, the synaptic noise also increases
with a concurrent increase in the conductance of the motor
neurons and in the fluctuations in their membrane potentials
(6). The present study, however, shows that, despite a potential
increase in synaptic noise, the relative proportion of common
input increases more rapidly than the independent one with the
net excitation. Therefore, the influence of synaptic noise de-
creases with net excitation.
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all contraction levels (D). The coefficient of
variation of force increases at task failure for
all force levels but the highest one (75%
MVC), and the same behavior is replicated by
the EMG activity level and by the variability
of firing rate. The discharge characteristics,
instead, do not show any change for all con-
tractions. *P � 0.05.
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The coherence between motor unit spike trains increased
with an increase in force, as a result of stronger input oscilla-
tions generated by both branched axons or correlated activity
coming from anatomically separated pathways. In particular,
coherence values in the low-frequency range (�-band) changed
across all conditions. This frequency band is believed to reflect
the effective control signal to the motor neuron pool because it
contains information on the frequency range of the force signal
(33, 40, 20, 22), and thus the increase of coherence in this
range may have functional consequences. These results are
supported also by the observation of a positive correlation
between the force variability and the coherence in the � and �
bands, but not for higher frequencies. These results are due to
the fact that the force produced by the muscle is approximately
the neural drive to the muscle filtered by the average twitch
(low pass) of the active motor units (5). For the intrinsic
properties of this filter, the oscillations above 10 Hz are filtered
out, and thus the force signal is reflected in the low-frequency
band of the synaptic input. Moreover, the coherence in the
low-frequency range increased also at task failure for all force

levels. When task failure approaches, the excitatory drive to the
motor neurons increases to maintain the required force. This
mechanism is confirmed by the increase in the EMG activity,
estimated as the root mean square, as a sign of progressive
recruitment of newer motor units (21). Coherence between
motor unit spike trains increased at task failure not only when
assessing different motor units at the beginning and the end of
the contraction, but also when analyzing the same motor units
throughout the whole task. This indicates that the coherence
level is not associated with differences in recruitment thresh-
old, as also confirmed when comparing motor units with
different thresholds at the same force level.

The increase in the common oscillations in the low-fre-
quency band of the neural drive to muscle at task failure was
reported for all force intensities. This phenomenon may be
explained by an increased level of activity of the active
pathways (supraspinal and spinal) and the recruitment of new
pathways when task failure occurs. Such mechanism is respon-
sible for the increased variance of the common synaptic noise.
It has been reported that the populations of motor neurons
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projecting in the tibialis anterior muscle and in general in the
distal muscles of both upper and lower limbs show strong
latency facilitation when exposed to surface anodal stimulation
or transcranial magnetic stimulation (31, 9, 41). This means
that these motor neurons are more readily excitable by stimu-
lation than others innervating, for example, proximal muscles
(9). This has been attributed to a different distribution of the
number of projections of the fast corticospinal pathways with
monosynaptic projections of motor neurons. The increased
coherence with increased neural excitation may thus be due to
an enhancement of the supraspinal and spinal projections into
the spinal cord.

We also reported a tendency toward the increase in the
magnitude of coherence for frequencies higher than the com-
mon drive band, up to 80 Hz, although these changes were not
significant mainly due to the high variability exhibited from the
coherence profiles in these ranges. It has been demonstrated,
both in monkeys and humans, that during sustained contrac-
tions from moderate to maximal levels, the coherence in the �
band reproduces an effective interaction between cortical and
spinal pathways (30), and that the coherence contributions tend
to shift from the � to � range with increasing force (10, 36). In
our study, we did not identify a clear shift of the coherence
values toward higher frequencies, but mostly an enhancement
of the corticospinal coupling with the increase in force. On the
contrary, we did not report any significant changes of coher-
ence in the � and � bands due to task failure. The changes in

the interaction between cortical and spinal structures due to
fatigue have not been clarified yet. � Band coherence has been
shown to be dependent on the muscle and the task. Some
studies reported an enhancement of coherence in the � and �
bandwidths with fatigue in the tibialis anterior (52) and hand
muscles (28), while Yang et al. noticed a weakening of the
cortico-muscular coupling in similar conditions for the elbow
flexor muscles (54). Semmler and colleagues (51) also reported
no fatigue-related changes in the � and � band during eccentric
exercises of the upper limb performed up to endurance. They
attributed their observation to the weaker contribution of the
corticospinal pathway to proximal muscles compared with
distal. These results were confirmed in the first dorsal in-
terosseous muscle where an increase in the � and � band was
found during fatiguing contractions (35). In the present study,
a tendency toward an increase in coherence at task failure was
observed in the � and � range, but it was not significant. This
tendency may be explained by an increased excitation to the
motor neurons through the cortico-spinal pathway.

The concept that the common part of the synaptic input
increases at different force levels is further reinforced by the
observed increase in the variability of force output, the higher
discharge frequencies, and the greater EMG amplitude which
are translated into an increase of the input delivered to motor
neurons that are synchronized at a presynaptic level (47).
Moreover, the variability in the interspike interval increased
for all force levels, except for the 75% MVC. This may be due
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to the fact that motor unit recruitment ended around 75%
MVC. In fact, the newly recruited motor units are characterized
by a larger variability in the discharge which influences the
overall variability of the pool. The behavior exhibited by the
firing variability is, however, not surprising since the spike
trains tend to reflect the periodic increases in excitation (46).
Thus the larger the oscillation of the input are, the greater the
firing variability will be. These results are in agreement with
those previously reported in the literature. Specifically, the
variability of the interspike interval depends on the total
variance of the synaptic input. Thus the observed increase of
the coefficient of variation of the discharge timings may
indicate an increase in both the common and independent
inputs. Nonetheless, a concomitant increase in the magnitude
of the coherence function calculated from multiple motor
neuron spike trains is in agreement with an increase of com-
mon synaptic input mainly (see APPENDIX). It has also to be
considered that an increase in net excitatory input to the motor
neurons may have influenced the motor neuron gain. However,
a potential change in gain would likely influence the transmis-
sion of both the common and the independent input and would
therefore not change the main conclusions of the study. Also,
the increase in common synaptic input in the low-frequency
band (mostly �) is directly associated with the control of force
(see APPENDIX). In fact, it has been demonstrated that the main
determinant of force variability is the total common input that
is delivered to motor neurons (20). The main factor challenging
the accuracy of force production is indeed the variance of the
common synaptic input (18). Further investigations are needed
to understand if the same findings are consistent for proximal
muscles (41) or for the muscles in the upper limb (9).

In conclusion, we reported an increase in coherence between
cumulative trains of motor unit discharges both with force and
with fatigue, i.e., with an increase of the net excitation. We
interpret these results as an increase of the proportion of the
common component of the synaptic input to motor neurons
with respect to the independent one.

APPENDIX

Common Synaptic Input to Motor Neurons

A pool of N motor neurons receive a total synaptic current vi(t), for
i 
 1:N, which can be assimilated to the sum of two terms: s(t) and
ni(t). The first term does not depend on the motor neuron, with the
exception of a constant offset, whereas ni(t) is a signal independent
across motor neurons. With these notations:

vi�t� � s�t� � ni�t� i � 1, 2, . . . N � 1, N (A1)

s(t) can be expressed as the sum of a constant value �i (offset) that
represents the mean of the synaptic current to the i-th motor neuron,
and a time-dependent term, sc(t), which is identical, apart from a
constant scaling factor, for all motor neurons. Equation A1 can thus be
rewritten as:

vi�t� � �i � �i · sC�t� � ni�t� i � 1 : N (A2)

When the synaptic currents in Eq. A2 reach the pool of N motor
neurons, they determine a cumulative output which is the sum of the
outputs due to the common and independent inputs, in addition to the
nonlinear components. In the sum that generates the neural drive to
the muscle, however, the only consistent output, common to all motor
neurons, is the one due to the common input, whereas the other output
components will be filtered out by the summation process since they
are different for each neuron. In these conditions, the only term that
determines force variations over time (and thus force control) is the
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common time-varying term sc(t). Thus following a time-varying
trajectory of force is possible by modulating the common input signal
sc(t).
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44. Rosenbaum R, Trousdale J, Josić K. The effects of pooling on spike
train correlations. Front Neurosci 5: 58, 2011.

45. Rosenberg JR, Amjad AM, Breeze P, Brillinger DR, Halliday DM.
The Fourier approach to the identification of functional coupling between
neuronal spike trains. Prog Biophys Mol Biol 53: 1–31, 1989.

46. Salinas E, Sejnowski TJ. Impact of correlated synaptic input on output
firing rate and variability in simple neuronal models. J Neurosci 20:
6193–6209, 2000.

47. Schmied A, Descarreaux M. Influence of contraction strength on single
motor unit synchronous activity. Clin Neurophysiol 121: 1624–1632,
2010.

48. Sears TA, Stagg D. Short-term synchronization of intercostal motoneu-
rone activity. J Physiol 263: 357–381, 1976.

49. Semmler JG. Motor unit synchronization and neuromuscular perfor-
mance. Exerc Sport Sci Rev 30: 8–14, 2001.

50. Semmler JG, Nordstrom MA, Wallace CJ. Relationship between motor
unit short-term synchronization and common drive in human first dorsal
interosseous muscle. Brain Res 767: 314–320, 1997.

51. Semmler JG, Ebert SA, Amarasena J. Eccentric muscle damage in-
creases intermuscular coherence during a fatiguing isometric contraction.
Acta Physiol (Oxf) 208: 362–375, 2013.

52. Ushiyama J, Katsu M, Masakado Y, Kimura A, Liu M, Ushiba J.
Muscle fatigue-induced enhancement of corticomuscular coherence fol-
lowing sustained submaximal isometric contraction of the tibialis anterior
muscle. J Appl Physiol 110: 1233–1240, 2011.

53. Vallbo AB, Wessberg J. Organization of motor output in slow finger
movements in man. J Physiol 469: 673–691, 1993.

54. Yang Q, Fang Y, Sun C, Siemionow V, Ranganathan VK, Khoshknabi
D, Davis MP, Walsh D, Sahgal V, Yue GH. Weakening of functional
corticomuscular coupling during muscle fatigue. Brain Res 1250: 101–
112, 2009.

55. Yao W, Fuglevand RJ, Enoka RM. Motor-unit synchronization in-
creases EMG amplitude and decreases force steadiness of simulated
contractions. J Neurophysiol 83: 441–452, 2009.

1346 Common Input and Excitatory Input • Castronovo AM et al.

J Appl Physiol • doi:10.1152/japplphysiol.00255.2015 • www.jappl.org

 by 10.220.33.5 on N
ovem

ber 28, 2016
http://jap.physiology.org/

D
ow

nloaded from
 

http://jap.physiology.org/

