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RESEARCH ARTICLE
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Abstract

It has been proposed that movements are produced through groups of muscles, or motor modules, activated by common neural com-
mands. However, the neural origin of motor modules is still debated. Here, we used complementary approaches to determine: 1)
whether three muscles of the same muscle group [soleus, gastrocnemius medialis (GM), and gastrocnemius lateralis (GL)] are activated
by a common neural drive, and 2) whether the neural drive to GM and GL could be differentially modified by altering the mechanical
requirements of the task. Eighteen human participants performed an isometric standing heel raise and submaximal isometric plantarflex-
ions (10%, 30%, and 50% of maximal effort). High-density surface electromyography recordings were decomposed into motor unit action
potentials and coherence analysis was applied on the motor unit spike trains. We identified strong common drive to each muscle but
minimal common drive between the muscles. Further, large between-muscle differences were observed during the isometric plantarflex-
ions, such as a delayed recruitment time of GL compared with GM and soleus motor units and opposite time-dependent changes in
the estimates of neural drive to muscles during the torque plateau. Finally, the feet position adopted during the heel-raise task (neutral
vs. internally rotated) affected only the GL neural drive with no change for GM. These results provide conclusive evidence that not all
anatomically defined synergist muscles are controlled by strong common neural drive. Independent drive to some muscles from the
same muscle group may allow for more flexible control to comply with secondary goals such as joint stabilization.

NEW & NOTEWORTHY In this study, we demonstrated that the three muscles composing the human triceps surae share minimal
common drive during isometric contractions. Our results suggest that reducing the number of effectively controlled degrees of
freedom may not always be the strategy used by the central nervous system to control movements. Independent control of
some, but not all, synergist muscles may allow for more flexible control to comply with secondary goals (e.g., joint stabilization).

coherence; common drive; electromyography; gastrocnemius; motor units

INTRODUCTION

How the central nervous system controls the large number
of degrees of freedom of the musculoskeletal system to pro-
duce movements remains unclear. It has been proposed that
muscles are controlled through motor modules, which repre-
sent groups of muscles, activated by a single neural command
(1–3). Evidence for the existence of motor modules, which
reduce the dimensionality in the control of movement, comes
from animalmodels where cortical (4) or spinalmicrostimula-
tion (5) led to complex multijoint forces. However, the neural
origin of motormodules is still debated (6, 7).

In support of the modular control of movements, there is
evidence that some muscles are controlled primarily by a
shared neural drive (8–11) and that the intensity of this shared

drive is stronger between muscles that are anatomically and
functionally closely related (9, 10). Considering the behavior of
a population of motor units identified from high-density sur-
face electromyography (HDsEMG), Laine et al. (11) demon-
strated that the lateral (vastus lateralis [VL]) andmedial (vastus
medialis [VM]) head of the quadriceps share most of their syn-
aptic input during isometric knee extension. Given the impor-
tant role of VL and VM in the control of the patellofemoral
joint (12), this shared common input might achieve two impor-
tant goals: 1) simplify the control of the task and 2) regulate in-
ternal joint stresses. Although a shared drive may be an
optimal control strategy for the VL and VM muscles, it might
not be optimal formuscles that requiremore flexible control.

The triceps surae consists of the soleus (SOL), gastrocnemius
medialis (GM), and gastrocnemius lateralis (GL). As GM andGL
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share the same two main functions (plantarflexion and knee
flexion), and both insert into the Achilles tendon, they are very
often regarded as the same muscle (13). In addition, using fac-
torization of multiple bipolar EMG signals, these muscles are
consistently reported as part of the samemodule [e.g., gait (14),
pedaling (15)]. However, there is some indirect evidence that
GM and GL may produce different ankle torques in the frontal
plane (16, 17). As such, flexibility in their control with minimal
common drive, i.e., the ability to activate the muscles inde-
pendently, might be crucial formaintaining balance or produc-
ing force in different directions. For example, H�eroux et al. (18)
observed a difference in GM and GL motor unit discharge
behavior during standing balance, with a relative absence of
GL motor unit activity. Taken together, these results suggest
that the activation of the GM and GLmusclesmay be partly in-
dependent, with a small amount of common drive, to allow for
flexible control of the ankle joint.

In this study, we used multiple and complementary app-
roaches to characterize the behavior of populations of motor
neurons innervating the three heads of the triceps surae, with
specific consideration of GM and GL. Our primary aim was to
determine whether GL and GM share a common neural drive
during plantarflexion. We first estimated the within- and
between-muscle common neural drive using correlation tech-
niques in the frequency domain [i.e., coherence (19, 20] applied
to motor unit spike trains identified from an isometric heel-
raise task. Then, we assessed motor unit discharge characteris-
tics during isometric plantarflexions performed on an ergome-
ter. Our secondary aim was to determine whether the neural
drive to GM andGL could be differentiallymodified by altering
the mechanical requirements of the task. For this purpose, we
compared the motor unit discharge rate between two heel-
raise tasks performed with different feet positions. We
hypothesized that the GMandGLmuscles shareminimal com-
mon drive and, therefore, that the neural drive to the GM and
GL can be independently altered. If supported, this would pro-
vide strong evidence that some anatomically derived synergist
muscles can be controlled by independent neural drive and
would force a reconsideration of our understanding of the
modular control ofmovement.

METHODS

Participants

Eighteen physically active males participated in this study
(means ± SD; age, 29.4±7.9yr; height, 180±7cm; body mass,
76±8kg; body mass index, 23.6±2.7kg/m2). Of note, we were
not avoiding recruiting females; but for unknown reasons, we
failed to identify enough motor units on females during our
pilot testing, especially on GL. Participants had no history of
lower leg pain that had limited function that required time off
work or sport or a consultationwith a health practitioner in the
previous 6 months. The institutional research ethics commit-
tee of the University of Queensland approved this study
(n�2013001448), and all procedures adhered to the Declaration
of Helsinki. Participants provided informedwritten consent.

Experimental Design

The experimental session consisted of a series of isometric
and postural tasks. The myoelectrical activity of the three

heads of the triceps surae of the dominant leg (right/left; 16/
2) was measured using HDsEMG.

First, participants laid prone on a custom-made dyna-
mometer equipped with a torque sensor (TRE-50K, Dacell,
Korea; Fig. 1). Their knee was fully extended, and their ankle
angle was set to 10� of plantarflexion (0� being the foot per-
pendicular to the shank). The experiment began with a
warm-up, which included a series of submaximal contrac-
tions. Then, participants performed three maximal isometric
contractions for 3–5 s with 120-s rest in between. The maxi-
mal value obtained from a moving average window of 250
ms was considered as the peak torque (MVC). Then, partici-
pants performed three contractions at each of the following
intensities: 10%, 30%, and 50% of their MVC. The order of
the intensities was randomized. These contractions involved
a 5-s ramp-up, a 15-s (50% of MVC) or 20-s plateau (10% and
30% of MVC), and a 5-s ramp-down phase. The contractions
were separated by either 60 s (10% ofMVC) or 120 s (30% and
50% of MVC) of rest. Feedback of the target and torque out-
put was displayed on amonitor.

Second, participants stood barefoot on a force plate
(Model 4060, Bertec, UK) and performed a series of six tasks
in a randomized order, including balance and heel-raise
tasks. The balance tasks were performed for another pur-
pose. For the purpose of this study, only the two isometric
heel-raise tasks were analyzed. These tasks consisted of
holding the heel at a standard height of 6 cm, with both feet
in a neutral position (toes neutral) or internally rotated (toes
in) (Fig. 1). To provide feedback of the height, a 6-cm-thick
piece of high-density foam was placed under the heels of the
participants. The participants were instructed to lightly
touch the top of the foam with their heels and once the cor-
rect height was achieved (in typically less than 5 s), the piece
of foam was removed, and data collection began. For the
toes neutral condition, the participants adopted a comforta-
ble stance width with their feet pointing anteriorly. For the
toes in condition, the participants pointed their toes inward
by internally rotating their lower limbs, such that their feet
formed an angle of 90�. About 1/4 of the participants could
not reach this angle, in which case they were instructed to
rotate their lower limbs as far as possible. Each of these con-
ditions was repeated two times for 30–35 s with 15–20s of
rest in between.

For both the plantarflexion tasks performed on the ergom-
eter and the heel-raise tasks, the mechanical signals (torque
and force) were digitized at 2048Hz using the same acquisi-
tion system as that used for HDsEMG (EMG-Quattrocento;
400-channel EMG amplifier, OT Biolelettronica, Italy).

Note that additional measurements were performed on
the VL and VM muscles for two participants (participant 5
and participant 10). These participants performed an iso-
metric body-weight squat (knee angle =30�; 0 = knee fully
extended) for 3� 30s.

High-Density Surface EMG Recordings

HDsEMG signals were recorded from the GL, GM, and SOL
muscles. Two-dimensional adhesive grids of 64 electrodes
(13� 5 electrodes with one electrode absent on a corner, gold-
coated, interelectrode distance, 8mm; [ELSCH064NM2,
SpesMedica, Battipaglia, Italy]) were placed over both the GM
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and the GL muscle (Fig. 1). The grids were aligned with the
main fascicle direction as determined using B-mode ultra-
sound (Aixplorer, Supersonic Imagine, France). A two-dimen-
sional adhesive grid of 32 electrodes (8�4 electrodes,
gold-coated, interelectrode distance, 10mm; [GR10MM0804,
SpesMedica, Battipaglia, Italy]) was placed on the medial part
of the SOL, below the myotendinous junction of the GMmus-
cle (Fig. 1). This electrode was aligned with the supposed line
of action of the muscle. Before electrode application, the skin
was shaved, and then cleaned with an abrasive pad and alco-
hol. The adhesive grids were held on the skin using semi-dis-
posable bi-adhesive foam layers (SpesMedica, Battipaglia,
Italy). The skin-electrode contact was made by filling the
cavities of the adhesive layers with conductive paste
(SpesMedica, Battipaglia, Italy). An 8-cm-wide elastic band
was placed over the three electrodes with a slight tension to
ensure that all the electrodes remained in contact with the
skin throughout the experiment. Strap electrodes dampened
with water were placed around the contralateral (ground elec-
trode) and ipsilateral ankle (reference electrode). The EMG
signals were recorded in monopolar mode, bandpass filtered
(10–900Hz), and digitized at a sampling rate of 2048Hz using
a multichannel acquisition system (EMG-Quattrocento; 400-
channel EMG amplifier, OT Biolelettronica, Italy).

Data Analysis

In this study, we considered the neural drive as the en-
semble of motor neuron discharges, and this drive was esti-
mated using the cumulative spike train (CST, sum of the
motor unit discharge times) of a subset of motor neurons
identified by decomposition. Common drive was considered

as the component of the neural drive that is shared between
motor neurons, i.e., the common (correlated) fluctuations of
motor unit discharge timings.

Global EMG.
EMG signals were band-pass filtered (20–500Hz), differenti-
ated, and full-wave rectified. For the MVC trials, the EMG
amplitude was calculated over a moving time window of
500ms. The resulting highest value over the three contrac-
tions and over all the channels of the grid was considered as
the maximal EMG amplitude value. For the submaximal
tasks, the EMG amplitude was calculated over the whole
contraction, averaged across all channels, and normalized to
that determined during themaximal isometric contractions.

HDsEMG decomposition.
First, the monopolar EMG signals were bandpass filtered
between 20 and 750Hz with a second-order Butterworth fil-
ter. The HDsEMG signals were decomposed with the convol-
utive blind source separation method (21) implemented in
the DEMUSE tool software (v. 4.9; The University of Maribor,
Slovenia). This decomposition procedure can identify motor
unit discharge times over a wide range of contraction inten-
sities and has been extensively validated using experimental
and simulated signals (22, 23). After the automatic identifica-
tion of the motor units, all the motor unit spike trains were
visually inspected (24, 25). As classically done, only the
motor units that exhibited a pulse-to-noise ratio> 30dB
were retained for further analysis (11, 26). This threshold
ensured a sensitivity higher than 90% and a false-alarm rate
lower than 2% (23).

Figure 1. Experimental setup. A: shows the placement of
the high-density electromyography electrodes. A two-
dimensional adhesive grid of 64 electrodes was placed
over both the gastrocnemius medialis (GM) and the gas-
trocnemius lateralis (GL) muscle. A two-dimensional ad-
hesive grid of 32 electrodes was placed on the medial
part of the soleus (SOL), below the myotendinous junc-
tion of the GM muscle. B: shows the isometric plantar-
flexion task performed on the ergometer (knee was fully
extended and ankle angle at 10� of plantarflexion). C:
shows the isometric heel-raise task which consisted of
holding the heel at a standard height of 6 cm, with either
the feet in neutral position (comfortable stance; toes
neutral) or internally rotated (toes in).
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Assessment of cross talk.
Before assessing the neural connectivity between the dif-
ferent populations of motor neurons of the triceps surae,
we used the discharge timings extracted by decomposi-
tion to assess the uniqueness of the motor unit action
potentials. This was done to guarantee that each motor
unit that was used for subsequent analysis originated
from the target muscles on which the high-density EMG
grid was placed and was not a result of cross talk from a
neighboring muscle. For this purpose, the discharge tim-
ings of each motor unit extracted by decomposition were
used to trigger all of the HDsEMG signals (64 [GM] þ64
[GL] þ 32 [SOL] channels). The motor unit action poten-
tials extracted by spike trigger averaging were then com-
pared between muscles. Specifically, we calculated the
average amplitude of the motor unit action potential, for
each HDsEMG grid, by averaging the peak-to-peak ampli-
tude across all channels of each HDsEMG grid. We then
compared this average peak-to-peak amplitude between
grids to identify motor units that originated from cross
talk. This analysis assumes that the action potential rep-
resentation of a motor unit will be largest when recorded
from the electrodes placed on the muscle of origin.
Conversely, motor units that are identified from a neigh-
boring muscle will have a smaller peak-to-peak amplitude
due to a greater distance between the electrodes and the
muscle unit (25). As such, if the average peak-to-peak am-
plitude of a motor unit was higher in one of the muscles
from where this unit was not originally identified, this
unit was visually inspected and then omitted from the
analysis.

Within- and between-muscle coherence.
We used a coherence analysis to assess the neural connec-
tivity between motor units from the same (within-muscle
coherence) or from different muscles (between-muscle co-
herence) (27). Note that coherence calculated at a given
frequency represents the correlation between the two sig-
nals at that frequency, with 0 indicating noncorrelation
and 1 indicating perfect correlation. Coherence within the
d band (0–5 Hz) reflects the presence of common drive (11,
25, 28).

Because the GL motor units were recruited late during the
plateau of the isometric plantarflexion tasks performed on
the ergometer (see RESULTS), the number of discharges was
too low to conduct coherence analysis on these tasks. In
other words, too few motor units were recruited during
enough time to run a meaningful coherence analysis. Thus,
the coherence analysis was only performed on the isometric
heel-raise task, with toes neutral, as this was the condition
during which the greatest number of motor units was identi-
fied for both GM and GL.

Prior to this coherence analysis, the discharge times of
each motor unit were visually inspected. Even if it was not
frequently observed, pauses in the recruitment of some
motor units occasionally occurred. Such pauses can affect
the calculation of the coherence. Therefore, if one motor
unit exhibited a pause in discharges for> 2 s, this portion of
the signal was discarded for all motor units. If for a given
unit these pauses occurred too often, that motor unit was
not considered such that the analysis could still be

performed on all other units. On average, the coherence
analysis was performed on 54± 16s and 47± 13 s, for within-
muscle and between-muscle coherence, respectively.

For the within-muscle coherence, we calculated the mag-
nitude-squared coherence using the Welch periodogram
with nonoverlapping windows of 1 s (Fig. 2). This analysis
was performed on two equal-sized groups of CST. The num-
ber of motor units in each of the two groups varied from 1 to
the maximum number (half of the total number of identified
units), and 100 random permutations of the identified units
were performed for each iteration. Then, we estimated the
proportion of common synaptic input to motor neurons
using the method described by Negro et al. (29). For this
analysis, we focused on the low-frequency bandwidth (0–
5Hz), as it has been shown to be the main determinant of
the force output (19). The relationship between the average
values of coherence in the bandwidth 0–5Hz and the num-
ber of motor units was fitted by least-squares using a nonlin-
ear equation described by Negro et al. (29). The rate of
change (the slope) was considered as the proportion of com-
mon input (PCI) with respect to the total input received by
the motor neuron pool (Fig. 2) (29). This method was vali-
dated in numerical simulations, which were based on a
model of populations of motor neurons that received com-
mon and independent inputs (29). The advantage of this
method is to provide a quantitative estimate of the relative
strength of the common synaptic input, independent of the
number of identified units, allowing us to make direct com-
parisons betweenmuscles.

The between-muscle coherence was assessed in a simi-
lar way as the within-muscle coherence. Specifically, the
total number of identified motor units was used to gener-
ate the CST. Then, we applied the coherence function
between the CST for each muscle pair (GM-GL, GM-SOL,
GL-SOL). Coherence was considered significant when it
was higher than the maximum value of coherence for
frequencies> 100Hz, where no coherence is expected (30).
In addition, we considered the presence of substantial
common neural drive if the coherence values reached this
significance threshold over the entire bandwidth 0–5Hz.

Motor unit discharge characteristics.
To compare the neural drive received by the three muscles
during the isometric plantarflexions performed on the er-
gometer, we calculated three indexes (Fig. 3). First, the time
of recruitment of each motor unit was determined for each
contraction as the time when the first action potential was
observed (Fig. 3). As these tasks involved a 5-s ramp-up
phase before the torque plateau, a value higher than 5 s indi-
cated that the motor unit was recruited during the plateau.
As expected, most of GM and SOLmotor units were recruited
during the ramp-up phase, but surprisingly, most of the GL
motor units were recruited during the plateau (Fig. 3).
Therefore, we were unable to consider the joint torque asso-
ciated with recruitment (i.e., the recruitment threshold), as
classically done. Second, we determined the d discharge rate
(expressed in pps · S�1) to provide an estimate of the synaptic
inputs received by the motor neuron pools (31). This was cal-
culated as the rate of change in discharge rate within the first
2 s of recruitment (Fig. 3). Because variability in instantane-
ous discharge rate may occur at recruitment, we considered
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the discharge rate at recruitment as the mean of the first
three discharges (32). Finally, we estimated the discharge
rate of each motor unit during the plateau. However, as
shown in Fig. 3, time-dependent changes in discharge rate
were observed during the plateau, with most of the GM
motor units exhibiting a decrease in their discharge rate.
Consequently, we used a sixth-order polynomial to smooth
the instantaneous discharge rates (33) and then we consid-
ered the peak discharge rate from this polynomial fit.

We further assessed the difference in neural drive received
by the three muscles by comparing their time-dependent

changes in neural drive during the torque plateau. To this
end, we estimated the neural drive through the calculation
of the cumulative spike train (CST) of the identified motor
units (26, 34). To generate the CST of each muscle, the indi-
vidual motor unit discharge timings were summed and then
smoothed with a Hanning window of 400-ms duration (35).
After down-sampling the data by 100, we calculated the
slope of the linear regression between CST and time to deter-
mine whether the CST decreased (negative slope different to
0), increased (positive slope different to 0), or remained sta-
ble during the torque plateau.

Figure 2. Individual example of the
assessment of the proportion of common
input (PCI). A: shows the smoothed dis-
charge rate (cut-off frequency =2Hz) of
25 motor units identified from the gastro-
cnemius medialis, during the isometric
heel-raise task performed with the toes in
neutral position, for participant 12. Note
that only 20s of the contraction are
depicted here. B: shows the results of the
coherence analyses performed on two cu-
mulative spike trains, with varying number
of motor units in each group, i.e., from 1 to
12 motor units. Each estimation is the aver-
age of 100 random permutations of motor
units. The horizontal line indicates the
threshold of significant coherence for 12
motor units per group. C: represents the
relationship between the mean values
(±standard deviation) of coherence in the
bandwidth 0–5Hz and the number of
motor units. This relationship was fitted by
least-squares (red line) and the rate of
change was considered as an index of the
proportion of common input (PCI).

Figure 3. Individual example of the assess-
ment of the neural drive during the isomet-
ric plantarflexions performed on the
ergometer. A: represents the smoothed
discharge rate (cut-off frequency=2Hz) of
the motor units identified in participant 11
during the contraction at 30% of MVC. B:
shows three outcomes (time at recruitment,
d, and peak discharge rate) estimated from
the instantaneous discharge rate of one
motor unit of the gastrocnemius medialis
muscle. Note that the peak discharge rate
value was estimated from a sixth-order
polynomial used to smooth the instantane-
ous discharge rates. C: shows the cumula-
tive spike train (CST; index of neural drive)
of each of the three muscles. GL, gastrocne-
mius lateralis; GM, gastrocnemius medialis;
MVC, maximal voluntary contraction; SOL,
soleus (medial-posterior compartment).
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To determine whether the feet configuration (toes neutral
and toes in) adopted during the heel-raise tasks could differ-
entially affect GM and GL recruitment, we calculated the
mean motor unit discharge rate. Values of discharge rate<4
pps were removed from this calculation, as such discharge
rates likely indicate inconsistent firings of the motor units
(31). Note that SOL motor units were not considered in this
part of the experiment, as it is already well known that the
SOL and gastrocnemiimuscles can be differentially activated
by modifying the knee angle (36, 37), as is expected given
their different function around the knee.

Statistical Analysis

A Shapiro–Wilk test was used to test for a normal distribu-
tion. The discharge rate data measured during the heel-raise
task (toes in and toes neutral conditions) did not pass the
normality test. Therefore, these data were transformed [1/
square root(x)]. The distributions of the time at recruitment
and d discharge rate values did not pass the normality test ei-
ther. However, because no transformation was able to pro-
vide a normal distribution, we performed nonparametric
tests on these data. All data are reported as means ± SD, and
the level of significance was set at P� 0.05.

Statistical analyses were performed in Statistica v. 7.0
(StatSoft, Tulsa, OK). The within-muscle coherence analysis
was only performed when four or more motor units were
identified. Consequently, the number of participants consid-
ered for this analysis differed between muscles. For this rea-
son, we used a one-way ANOVA for independent samples to
compare the PCI between muscles [between-subject factor:
muscle (GM, GL, SOL)].

It is likely that different populations of motor units, with
different intrinsic properties, were identified during the
plantarflexion tasks performed at the different intensities
(10%, 20%, and 50%). For this reason, we did not directly
compare the time at recruitment and the d discharge rate
between intensities, and these values were only compared
between muscles using a Kruskal–Wallis test for main effect
[between-subject factor: muscle (GM, GL, SOL)]. When
appropriate, post hoc analyses were performed using multi-
ple comparisons ofmean ranks.

The peak motor unit discharge rate estimated from the
polynomial fit during the isometric plantarflexions was com-
pared between muscles and contraction intensities using a
two-way ANOVA [between-subject factor: muscle (GM, GL,
SOL) and intensity (10%, 20%, and 50%)]. A similar two-way
ANOVA was performed to test the effect of the feet position
on the discharge rate of GL and GM [between-subject factor:
muscle (GM, GL, SOL) and condition (toes neutral and toes
in)]. When appropriate, post hoc analyses were performed
using the Bonferroni test.

RESULTS

The entire data set (raw and processed data) is available at
https://doi.org/10.6084/m9.figshare.12126627.

Motor Unit Decomposition

First, the spike-triggered averaging technique was used to
identify decomposed motor units, which might originate

from cross talk of one of the two other muscles. To achieve
this aim, we compared the amplitude of the ensemble-aver-
aged motor unit action potentials. At this stage, 17 motor
units that were identified from the array placed above the
GL (�4% of the total number of GL motor units) were sus-
pected to originate from GM. After exclusion of these motor
units, the number of decomposed units over each of the five
motor tasks ranged from 173 to 335 for GM, 10 to 120 for GL,
and 65 to 94 for SOL (Table 1). Note that only 10 motor units
were decomposed for GL from the isometric plantarflexion
performed at 10% of MVC, which is consistent with the low
global GL EMG amplitude measured at this contraction in-
tensity, i.e., 7.1 ± 2.4% of the maximal EMG amplitude meas-
ured during MVC. The pulse-to-noise ratio averaged over the
three muscles and the five tasks (i.e., a total of 2096 motor
units) was 36.2 ±4.5 (range, 30.0–53.6).

We used a coherence analysis to provide insight into the
common neural drive received by the motor neurons.
Because the number of GL motor unit discharges identi-
fied during the isometric plantarflexion tasks was too low
(see METHODS), the coherence analysis was only performed
on the isometric heel-raise task performed with toes in
neutral position (toes neutral). Of note, the normalized
global EMG amplitude of GM and GL (GM, 24.1 ± 6.0%; GL,
12.1 ± 6.9%; and SOL, 24.8 ± 10.7% of maximal EMG ampli-
tude) during the toes neutral condition was close to that
measured during the isometric plantarflexion at 30% of
MVC (GM, 28.7 ± 6.8%; GL, 14.9 ± 4.7%; and SOL, 18.4 ±
11.5% of maximal EMG amplitude).

Within-Muscle Coherence

After discarding the motor units that were recruited inter-
mittently and the data from participants with less than four
consistently firing motor units, the within-muscle coherence
analysis was performed on 243 motor units from 17 partici-
pants for GM, 83motor units from 11 participants for GL, and
63motor units from 10 participants for SOL.

The proportion of common synaptic input (PCI) with
respect to the total input received by the motor neuron pool
was estimated from the relationship between the average val-
ues of coherence in the bandwidth 0–5Hz and the number of
motor units used in the calculation (see METHODS; Fig. 2). As
the number of participants differed between the three
muscles, we ran a one-way ANOVA for independent samples.
There was a significant main effect ofmuscle [F(2, 35)= 14.2, P
< 0.001] on the PCI values, with the PCI being lower in SOL
(0.58±0.06) than in both GM (0.67±0.06; P = 0.004) and GL
(0.73±0.07, P < 0.001) (Fig. 4). PCI was not different between
GM and GL (P = 0.063). Note that we also ran a repeated-
measures ANOVA on the seven participants who had enough
active motor units discriminated from all the three muscles.
This test confirmed the existence of a significant main effect
of muscle [F(2, 12) =26.9, P < 0.001], with the PCI being lower
in SOL than in both GM (P = 0.001) and GL (P < 0.001), with
no difference between GM and GL (P = 0.082).

The proportion of common input to motor neurons within
the VL and VM, assessed on two participants who performed
an isometric body-weight squat (additional experiments),
was in the lower range of that calculated for the triceps surae
muscles, i.e., VL, 0.50 and 0.57; VM, 0.49 and 0.54.
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Between-Muscles Coherence

When considering data from all participants, there was no
significant correlation between the coherence in the band-
width 0–5Hz [common drive (28)] and the minimal number
of motor units over the two muscles being tested (r=0.03,
�0.15, and �0.08 for the GM-GL, GL-SOL, and GM-SOL pair,
respectively). This provides evidence that the number of
motor units considered in the analysis did not influence the
level of coherence that is reported. Consequently, after dis-
carding the motor units that were recruited intermittently,
we retained all the participants with at least one motor unit
per muscle. Using this criterion, the coherence analysis was
performed on 13 participants for GM-GL [193 (GM) and 87
(GL) motor units] and 11 participants for both GM-SOL [168
(GM) and 56 (SOL) motor units] and GL-SOL [62 (GL) and 52
(SOL) motor units].

Overall, minimal between-muscle coherence was observed,
regardless of the bandwidth, i.e., d (0–5Hz), a (5–15Hz), and b
(15–35Hz) bands. For example, when considering the GM-GL
muscle pair, only two of 13 participants exhibited significant
coherence over the entire bandwidth 0–5Hz (Figs. 5 and 6).
Whereas five of 13 participants exhibited coherence at some

(but not all) frequencies within the 0–5Hz bandwidth, six of
13 participants exhibited no significant coherence over this
bandwidth. Note that participant 5, who exhibited the high-
est coherence over the whole population (Fig. 5), was retested
2 mo after the initial testing, and the results confirmed the
presence of significant coherence. When considering the GM-
SOL and GL-SOLmuscle pairs, none of the participants exhib-
ited significant coherence over the entire bandwidth 0–5Hz
(Figs. 5 and 6).

Note that the two participants who performed an isomet-
ric body-weight squat (additional experiments) exhibited sig-
nificant coherence between VL and VM motor units, over
the entire bandwidth 0–5Hz (peak values, 0.34 and 0.81). It
confirms previous results showing a strong common drive
between these muscles during isometric knee extension
tasks (11).

Motor Unit Discharge Characteristics during the
Isometric Plantarflexion Tasks

As indicated earlier, only 10motor units were decomposed
from the GL muscle during the plantarflexion at 10% of
MVC. As the comparison between GL and GM was the main
purpose of this study, no further analysis was completed on
the contractions at 10% ofMVC.

At 30% of MVC, most of the identified motor units dis-
charged during the three contractions (93% for GM, 69% for
GL, and 68% for SOL). There was a significant main effect of
muscle on the time at recruitment (H=68.7, df = 2, P <
0.001), with the GL motor units being recruited much later
(11.5 ± 5.9 s) than both GM (4.4± 3.3s, P < 0.001) and SOL
motor units (5.2 ±4.2 s, P < 0.001). No difference of time at
recruitment was observed between GM and SOL (P = 0.20).
As the time at recruitment was calculated from the start of
the 5-s ramp-up period (see METHODS), this result indicates
that most of the motor units from GL started to be recruited
during the torque plateau (Fig. 7). There was a significant
main effect of muscle on the d discharge rate measured dur-
ing the first 2 s after recruitment (H= 17.2, df= 2, P = 0.002).
The d discharge rate was significantly lower for SOL (1.4±0.9
pps · S�1) than for both GL (1.8 ± 1.5 pps · S�1, P = 0.012) and
GM (2.0± 1.3 pps · S�1, P < 0.001). No difference between GL
and GMwas observed (P = 1).

Similar results were observed for the contractions per-
formed at 50% of MVC, with a significant main effect ofmus-
cle on the time at recruitment (H=80.7, df = 2, P < 0.001). As
observed at 30% of MVC, GL motor units were recruited

Table 1. Number of decomposed motor units

GM GL SOL

Number Means ± SD (range) Number Means ± SD (range) Number Means ± SD (range)

Plantarflexion10% MVC 294 17.3 ± 8.2 (1–30) 10 0.6 ± 0.9 (0–3) 92 5.8 ± 4.2 (0–14)
Plantarflexion30% MVC 275 16.2 ± 8.6 (3–31) 90 5.3 ± 4.5 (0–13) 94 5.9 ± 4.1 (0–12)
Plantarflexion50% MVC 173 10.2 ± 7.6 (0–22) 75 4.4 ± 5.6 (0–21) 65 4.1 ± 3.4 (0–11)
Heel raiseToes neutral 335 19.7 ± 9.5 (6–36) 120 7.1 ± 5.7 (0–19) 76 5.1 ± 4.1 (0–15)
Heel raiseToes in 312 18.4 ± 7.6 (6–31) 85 5.0 ± 3.9 (0–12) — —

Because of technical reasons, there were no data for participant 14 during the isometric plantarflexions and for participant 2 during the
heel raise with the toes in neutral condition. In addition, soleus recordings are missing for one and two participants during the plantarflexions
and the heel-raise conditions, respectively. Consequently, GM and GL data are reported for n=17 participants (isometric plantarflexions and
isometric heel raise with the toes in neutral condition); SOL data are reported for n=16 (isometric plantarflexions) and n=15 (isometric heel
raises) participants. GL, gastrocnemius lateralis; GM, gastrocnemius medialis; MVC, maximal voluntary contractions; SOL, soleus.

Figure 4. Proportion of common synaptic input to motor neurons within the
same muscle, estimated during the isometric heel raise (toes neutral). The
within-muscle coherence analysis was performed on 17, 11, and 10 partici-
pants for gastrocnemius medialis (GM), gastrocnemius lateralis (GL), and sol-
eus (SOL), respectively. Each participant is represented by a different color
and the horizontal line indicates the mean value. $, indicates significant dif-
ference compared with SOL. There was no significant difference between
GM and GL.
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much later (9.5 ±4.2 s) than both GM (3.7 ± 2.6 s, P < 0.001)
and SOL motor units (4.4± 2.7 s, P = 0.018) (Fig. 7). At this in-
tensity, SOL motor units were also recruited later than GM
motor units (P < 0.001). There was also a main effect ofmus-
cle on the d discharge rate (H=26.9, df= 2, P < 0.001). The d
discharge rate was significantly lower for both SOL (1.5± 1.2
pps · S�1, P < 0.001) and GL (1.6± 1.9 pps · S�1, P < 0.001)
when compared with GM (2.6 ± 1.6 pps · S�1). There was no
difference between GM and SOL (P = 0.961).

There was a significant main effect of muscle [F(2,
766)=83.4, P < 0.001], a significant main effect of intensity
[F(1, 766) =68.9, P < 0.001], and a significant muscle � inten-
sity interaction [F(2, 766)=8.7, P = 0.002] on the peak motor
unit discharge rate estimated from the polynomial fit (Fig.
7). Regardless of the contraction intensity, the discharge rate
was lower for SOL than for both GM and GL (all P values
<0.037). While there was no difference in discharge rate
between GM and GL at 30% of MVC (P = 1), the discharge
rate was significantly higher for GM (14.0 ± 3.0 pps) than
GL (12.2 ± 2.6 pps; P < 0.001) at 50% of MVC. This result is
mainly explained by the absence of an increase in dis-
charge rate of the GL motor units between the two inten-
sities (P = 1).

We estimated the change in neural drive of each muscle
during the plateau of the force-matched contractions
through the assessment of the change in their cumulative
spike trains (CST). When considering all the participants and
the three contractions at 30% of MVC, we observed a signifi-
cant decrease in the GM CST for most of the contractions
(48% decrease vs. 42% increase and 10% no change).
Conversely, a significant increase in the CST was observed in
92% of the contractions for GL and 54% of the contractions

for SOL. Opposite change in CST was observed in 64%, 65%,
and 44% of the contractions when considering GM-GL, GM-
SOL, and GL-SOL pair, which provides strong evidence for
opposing changes in neural drive to these muscle pairs.

When considering the contractions at 50% of MVC, we
observed a significant decrease in the GM and SOL CST for
most of the contractions (69% and 71% for GM and SOL,
respectively). Conversely, a significant increase in the GL
CST was observed in 100% of the contractions. Opposite
change in CST was observed in 66%, 36%, and 67% of the
contractions when considering GM-GL, GM-SOL, and GL-
SOL pairs.

Effect of Toe Position on Motor Unit Discharge Rate
during Isometric Heel Raise

We compared the discharge rate of all identified motor
units during the heel-raise tasks between toes neutral (335
and 120 motor units for GM and GL, respectively) and toes in
(312 and 85 motor units for GM and GL, respectively) (Fig. 8).
There was a significant main effect of condition [F(1,
848)= 7.4, P = 0.006], a significant main effect ofmuscle [F(1,
848)= 12.7, P < 0.001], and a significant muscle � condition
on the discharge rate [F(1, 848)= 10.5, P = 0.001]. While no
change in motor units discharge rate was observed for GM
between the two conditions (P = 1), there was a significant
increase in the discharge rate of GLmotor units, from 10.2± 1.2
pps for toes neutral to 10.8± 1.5 pps for toes in (P = 0.002).

DISCUSSION

We identified strong common neural drive to the motor
neuron pools innervating eachmuscle but minimal common

Figure 5. Between-muscle coherence
estimated during the isometric heel raise
(toes neutral). A: shows examples of the
coherence between GM and GL for two
participants: participant 18 who exhibited
no coherence and participant 5 who
exhibited the highest coherence over the
population tested. The horizontal lines
represent the threshold of significance
defined as the highest coherence value
for frequencies> 100Hz, at which no co-
herence is expected. The other panels
show, for each participant, the frequencies
at which a significant coherence was
observed for GM-GL (B), for GM-SOL (C),
and for GL-SOL (D). Some participants
were discarded from this analysis as too
few motor units were discriminated to
allow this analysis. Individual coherence
data are depicted in Figs. 6. GL, gastro-
cnemius lateralis; GM, gastrocnemius
medialis; SOL, soleus.
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drive between pools innervating different muscles. Together
with differences in motor unit behaviors, our results provide
evidence for minimal common drive between the muscle
heads of the triceps surae, which contrasts with observations
from other anatomically derived synergist muscles. This im-
portant result has implications for our current understand-
ing of the modular control of muscle coordination.

Strong Common Synaptic Input to Motor Neurons within
Each Muscle

We assessed the PCI received by the motor neuron pools
of the three muscles of the triceps surae. PCI values reported
here were similar to those reported in the abductor digiti
minimi, tibialis anterior, and vastus medialis (29). This sug-
gests that motor neurons of a single muscle receive most of
their input from a common source. Unlike the previous
observations made by Negro, Yavuz, and Farina (29), but in
line with other data obtained from the first dorsal interosse-
ous and the biceps brachii (32), we observed a significant dif-
ference between muscles, with GL (PCI=0.73) and SOL
(PCI=0.58) having the highest and lowest PCI values,

respectively. These between-muscle differences may be
interpreted as differences in the effective neural drive that is
converted to force, presumably underlying differences in the
control of these muscles.

Minimal Level of Common Drive between the Heads of
the Triceps Surae

We determined that the three heads of the triceps surae
receive minimal common drive during isometric heel-raise
tasks (toes neutral). To reach this conclusion, we performed
a coherence analysis between the CST of each muscle (11, 25,
35). To the best of our knowledge, this is the first report mini-
mal (or an absence of) coherence in all the frequency bands
reflecting cortical and spinal inputs (20) between muscles
that share the same main function(s) and that belong to the
samemuscle group. As such, it was important to rule out the
possibility that our approach failed to identify existing co-
herence. First, the coherence analysis requires that the CST
is calculated from several motor units such that the synaptic
input is represented over a broad frequency range (38). Our
analysis was performed on a relatively large number of units

Figure 6. Individual data of coherence between the three heads of the triceps surae estimated during the isometric heel raise (toes neutral). The red hor-
izontal lines represent the threshold of significance defined as the highest coherence value for frequencies> 100Hz, at which no coherence is
expected. Some participants were discarded from this analysis as too few motor units were discriminated to allow this analysis. GL, gastrocnemius later-
alis; GM, gastrocnemius medialis; SOL, soleus. A: GM-GL coherence; B: GM-SOL coherence; C: GL-SOL coherence.
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(Table 1) with, for example, 14.8 ± 7.3 (GM) and 6.7± 3.2 (GL)
motor units when considering the coherence between GM
and GL. It is important to note that some of the participants
who exhibited no significant GM-GL coherence in the band-
width 0–5Hz (Fig. 5) were among the participants whose

data allowed the largest number of motor units to be discri-
minated (e.g., 21 [GM] and 8 [GL] units for participant 12, 16
[GM] and 9 [GL] units for participant 18). Second, we tested
our analysis procedure on the VL and VM muscles of two
participants. In line with the strong common input shared

Figure 7.Motor unit discharge characteristics during the isometric plantarflexion tasks performed at 30% (A) and 50% of MVC (B). Each participant is rep-
resented by a different color, and the horizontal bar indicates the mean value. The dashed horizontal line on the upper panels indicates the beginning of
the torque plateau. �P< 0.05 for comparison with GM; $P< 0.05 for comparison with SOL; £P< 0.05 for comparison with GL. GL, gastrocnemius latera-
lis; GM, gastrocnemius medialis; MVC, maximal voluntary contractions; SOL, soleus.

Figure 8. Discharge rate during the isometric heel raise performed with different feet configurations. Each participant (n = 14–17) is represented by a dif-
ferent color, and the horizontal bar indicates the mean value. �P < 0.05 for comparison with toes neutral. A: gastrocnemius medialis; B: gastrocnemius
lateralis.
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by these muscles (11), we observed a significant coherence in
the bandwidth 0–5Hz for both participants. Given the afore-
mentioned considerations, we believe that our data set and
analysis methods were appropriate to show coherence if it
did exist between themuscles of the triceps surae.

Our conclusion that the three heads of the triceps surae
share minimal common drive is further strengthened by two
complementary approaches. First, the motor unit discharge
characteristics observed during the isometric plantarflexion
tasks performed on the ergometer revealed obvious differen-
ces among muscles. GL motor units were recruited much
later than either SOL or GM motor units at both contraction
intensities (Figs. 3 and 7). Even though this difference in
recruitment time might be explained by different intrinsic
motor neuron properties rather than different neural drive,
the fact that opposite changes in CST were observed in most
of the contractions provides evidence that the three muscles
receive different neural drive (Fig. 3). Our proposition pro-
vides an explanation for the absence of active GLmotor units
observed during standing balance (18). Second, the differen-
tial change in the discharge rate of GL and GM observed
between the heel-raise tasks performed with toes in and toes
neutral provides definitive evidence that these muscles are
not controlled primarily by shared neural drive, as it is the
case for other synergist muscles.

GM and GL Are “Nonidentical Twins”

Even though SOL and gastrocnemii are consistently
reported as part of the same synergy during walking (49), the
observation that the SOL muscle does not share a common
drive with the two gastrocnemius muscles is not surprising,
given their different functions and previous observations of
dissociated motor unit behavior of GM and SOL in humans
(36, 37) and animals (39). However, considering that muscles
that share the same function(s) are thought to share neural
drive (9, 11), the minimal coherence between GM and GL, de-
spite attaching to the same distal tendon, is somewhat sur-
prising. Our findings do not support the long-held belief that
GM and GL are the “same muscle” such that they are named
the “twin” muscles in some languages, e.g., “jumeaux” in
French and “gemelos” in Spanish.

The minimal common drive between GL and GM may be
related to the complexity of ankle joint control. Control at
the ankle is important in maintaining balance during a wide
variety of tasks, such as quiet stance, walking, running, and
maintaining balance when responding to perturbations.
Therefore, relative independent control of these muscles
may allow for flexible control of the ankle joint to comply
with secondary goals (e.g., joint stabilization, distribution of
tendon strain). This is supported by indirect neurophysiolog-
ical and biomechanical measures of human GL and GM that
suggest different actions in the frontal plane (16, 17, 40).
Also, these muscles are architecturally different, with GL
exhibiting a smaller volume and longer fascicles than GM
(41). This means that these two muscles have different con-
tractile dynamics (42). Therefore, an independent control of
GM and GL might be an optimal way for the nervous system
to tune the activation to the mechanical requirements of the
task (43). Overall, the minimal common drive observed
between GM and GL suggests that reducing the number of
effectively controlled degrees of freedom may not always be

the strategy used by the central nervous system to control
movements, even when this strategy would be functionally
viable. This is in agreement with recent results showing that
the central nervous system compromises between restora-
tion of task performance and optimization of joint load after
VL denervation in rats (44). Of note, we cannot rule out an
alternative interpretation that the lack of common drive
between GM and GL is a suboptimal strategy resulting from
the late, and perhaps incomplete, evolution of the Achilles
tendon and plantarflexors for human locomotion (45).

Modular Organization of Muscle Coordination

It has been proposed that the central nervous system pro-
duces movements through the combination of motor mod-
ules; each module being composed of muscles activated by
shared inputs to their motor neurons (3, 46, 47). However,
the neural origin of motor modules is debated, with some
studies suggesting that they reflect biomechanical con-
straints of the task rather than a neural control strategy (7,
48). Using a similar approach to that used in our study,
shared neural drive was found between two thigh muscles
for which control is biomechanically constrained [VL and
VM; (11)] as well as between two hands muscles for which
control is not biomechanically constrained [first dorsal inter-
osseous and thenar muscles (25)]. Here, we observed little, if
any, coherence in the bandwidth corresponding to both the
spinal and cortical drive, suggesting that GM and GL are con-
trolled mostly independently. Taken together, it provides
evidence against a pure association between biomechanical
constraints and modular muscle control. Indeed, GM and GL
are both anatomically and biomechanically associated dur-
ing plantarflexion, as performed in our study. However,
these constraints did not determine modular control of their
activation, even though control with reduced dimensionality
would have been viable for these specific plantarflexion
tasks. This and previous studies thus point to the possibility
that neural connectivity may be partly dissociated from bio-
mechanical connectivity.

It is important to note that classical noninvasive approaches,
based on factorization of multiple bipolar EMG signals, consis-
tently report GM and GL as part of the same module(s) (14, 15).
Together with our results, this suggests that separate EMG sig-
nals can be correlated but in a way that does not reflect a com-
mon synaptic input (31). The noninvasive approach with EMG
decomposition used in this study could be extended to other
muscles to provide a comprehensive description of neural
musclemodules that could be distinguished from “biomechan-
ical”modules.

Limitations

This experiment requires consideration of several meth-
odological aspects. First, the level of common synaptic input
to the motor neuron pools of GM, GL, and SOL has been esti-
mated only indirectly from the recorded motor neuron out-
puts. Moreover, in most cases, it was assumed that the
transmission at the motor neuron population level was lin-
ear, as it has been proposed in previous work (38), although
it cannot be excluded that transmission to the motor neuron
output included some nonlinear components (49, 50). The
coherence between the cumulative discharge times
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calculated over a group of motor neurons reflects the com-
mon components of the synaptic input, although the fre-
quency bands of these components may not be the same
between input and output when accounting for nonlinear
transmission. Similarly, the model we used to estimate the
PCI does not specifically account for persistent inward cur-
rents, which introduce further nonlinearity in the system
(49). Second, the SOL muscle is composed by four compart-
ments with different architecture (51) and different innerva-
tion (52). Given the placement of our surface EMG electrodes
(see METHODS), it is likely that we measured only one com-
partment, which did not represent the motor unit activity in
the entire muscle. It is, therefore, possible that neural drive
was shared between GM or GL and other SOL compartments.
Finally, the observation of minimal common drive between
the heads of the triceps surae cannot be extrapolated to other
motor tasks such as dynamic tasks. Whether similar results
would be observed during dynamic locomotor tasks remains
an open question.
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