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Abstract

The interindividual variability in the neural drive sent from the spinal cord to muscles is largely unknown, even during highly con-
strained motor tasks. Here, we investigated individual differences in the strength of neural drive received by the vastus lateralis
(VL) and vastus medialis (VM) during an isometric task. We also assessed the proportion of common neural drive within and
between these muscles. Twenty-two participants performed a series of submaximal isometric knee extensions at 25% of their
peak torque. High-density surface electromyography recordings were decomposed into motor unit action potentials. Coherence
analyses were applied on the motor unit spike trains to assess the degree of neural drive that was shared between motor neu-
rons. Six participants were retested �20mo after the first session. The distribution of the strength of neural drive between VL
and VM varied between participants and was correlated with the distribution of normalized interference electromyography (EMG)
signals (r>0.56). The level of within- and between-muscle coherence varied across individuals, with a significant positive corre-
lation between these two outcomes (VL: r = 0.48; VM: r =0.58). We also observed a large interindividual variability in the propor-
tion of muscle-specific drive, that is, the drive unique to each muscle (VL range: 6%–83%, VM range: 6%–86%). All the outcome
measures were robust across sessions, providing evidence that the individual differences did not depend solely on the variability
of the measures. Together, these results demonstrate that the neural strategies to control the VL and VM muscles widely vary
across individuals, even during a constrained task.

NEW & NOTEWORTHY We observed that the distribution of the strength of neural drive between the vastus lateralis and vastus
medialis during a single-joint isometric task varied across participants. Also, we observed that the proportion of neural drive that
was shared within and between these muscles also varied across participants. These results provide evidence that the neural
strategies to control the vastus lateralis and vastus medialis muscles widely vary across individuals, even during a mechanically
constrained task.

coherence; common drive; electromyography; motor units; quadriceps

INTRODUCTION

It is well known that different people can perform the
same motor task with different motor coordination strat-
egies, leading to the notion of individual movement signa-
ture (1, 2) or individuality (3). As movements result from the
complex interplay between neural commands to themuscles
and the properties of the neuromusculoskeletal system (4),
identifying the mechanisms underlying these individual dif-
ferences in movement patterns is challenging. For example,

the role of the neural commands in these individual differ-
ences is largely unknown.

A number of studies report interindividual differences in
electromyography (EMG) signals measured using surface
electrodes during multijoint tasks (2, 5–8). Such differences
are also observed during mechanically constrained tasks
where fewer opportunities for individual variation are theo-
retically available. For example, large individual differences
in the distribution of normalized EMG amplitude between
the lateral head [vastus lateralis (VL)] and the medial head
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[vastus medialis (VM)] of the quadriceps have been observed
during a submaximal isometric knee extension (9, 10). Even
though these individual differences are often interpreted as
differences in neural strategies, this interpretation requires
further consideration.

Most of the aforementioned studies used conventional
bipolar surface EMG recordings. In addition to the issue of
the poor selectivity of the surface EMG signals, surface EMG
amplitude only provides a crude index of the neural drive
that is sent to the muscles from the innervating motor neu-
rons (11, 12). For example, Martinez-Valdes et al. (13) com-
pared the strength of neural drive received by the VL and
VMmuscles during isometric contractions by comparing the
increase in discharge rate of motor units matched by recruit-
ment threshold. Despite the fact that they observed a greater
normalized EMG amplitude for VL than VM, they estimated
that these two muscles received a similar level of neural
drive. Of note, this observation was performed at the group
level (the data were averaged over the group of participants),
and it remains unknown whether the distribution of neural
drive between these synergist muscles varied across the
participants.

In addition to the strength of neural drive received by
individual muscles, understanding the control of muscle
coordination requires knowledge of the proportion of shared
and independent synaptic input received by the pools of
motoneurons. To this end, correlations in the time and fre-
quency domains are classically performed from interference
EMG signals (14, 15). However, EMG cross talk substantially
influences these estimates (16). At the individual motor unit
level, Laine et al. (17) demonstrated that the VL and VM
muscles share most of their synaptic input during an isomet-
ric knee extension. To our knowledge, no studies have
focused on the interindividual variability in the level of com-
mon input shared within and between synergist muscles.

In this study, we characterized individual neural strat-
egies to control the VL and VM muscles during a highly
mechanically constrained task, that is, submaximal tor-
que-matched isometric knee extension. We first aimed to
determine the individual differences in the strength of
neural drive received by the VL and VM and its relation-
ship with interference EMG amplitude. Second, we aimed
to determine the individual differences in the degree of
common input within and between the motor neuron
pools innervating each muscle. To address these aims, we
recruited a homogeneous sample to exclude variability
due to age, gender, or physical activity, as these factors
can generate variability in neural control (18, 19). We used
high-density surface electromyography (HDsEMG) to
identify the behavior of motor units from the VL and VM
muscles. We hypothesized that individuals would exhibit
variations in the distribution of the strength of neural
drive between VL and VM and that these variations will be
related to those observed with interference EMG. Also,
because the effective neural drive to muscles is deter-
mined by the common synaptic input to motor neurons
(20), we hypothesized that there would be interindividual
variations in the estimated common input within and
between muscles. To rule out the possibility that the inter-
individual variations depended solely on variability of the
measures, a subset of participants (n = 6) was retested

�20mo after the first session to verify the robustness of
the outcome measures.

METHODS

Participants

Twenty-two healthy men (age: 25±5 yr; height: 178±6 cm;
body mass: 70± 7kg) participated in this experiment. Of
these 22 participants, six underwent a second experimental
session 20mo later (±1month). Participants had no history of
knee injury or lower leg pain that would limit function
within the previous 6 mo. The ethics committee “Comit�e de
protection des personnes Ile de France XI” approved the
study (CPP-MIP-013), and all procedures adhered to the
Declaration of Helsinki. Participants provided an informed
written consent.

Protocol

Participants performed isometric knee extension tasks on
a dynamometer (Biodex System 3 Pro, Biodex Medical,
Shirley, NY). Participants sat on the dynamometer with their
hip flexed at 90� (0� = neutral position) and their knee flexed
at 80� (0� = full extension) (Fig. 1). Two inextensible straps
were used to immobilize their torso.

Figure 1. Experimental setup and placement of the high-density electro-
myography electrodes. A two-dimensional adhesive grid of 64 electrodes
was placed over both the vastus lateralis (VL) and the vastus medialis (VL)
muscle.
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The experiment began with a standardized warm-up,
which included a series of 20 isokinetic contractions at
60�·s�1 and four submaximal isometric contractions at 60%,
70%, 80%, and 90% of their subjective maximal isometric
torque for 3–4s, with 60s of rest in between. Then, partici-
pants performed three maximal isometric contractions
(MVCs) for 3–5 s, with 120 s of rest in between. The maximal
value obtained from a moving average window of 250ms
was considered as the peak torque. Then, participants per-
formed three torque-matched contractions at 25% of their
peak torque. These contractions involved a 10-s ramp-up, a
10-s plateau, and a 10-s ramp-down phase. They were sepa-
rated by 30s of rest. Feedback from the target and torque
output was displayed on a monitor. The torque signal was
digitized at 2048Hz using the same acquisition system that
was used for HDsEMG (EMG-Quattrocento; 400-channel
EMG amplifier, OT Bioelettronica, Italy).

High-Density Surface EMG Recording

HDsEMG signals were recorded from the VL and VM
muscles. A two-dimensional adhesive grid of 64 electrodes
[13� 5 gold-coated electrodes with one electrode absent on a
corner; interelectrode distance: 8mm (ELSCH064NM2, OT
Bioelettronica, Italy)] was placed over eachmuscle. The grids
were aligned in the direction of the fascicles, which was
determined using B-mode ultrasonography (Aixplorer,
Supersonic Imagine, France). Specifically, the fascicle direc-
tion was considered as the main axis of the transducer when
continuous fascicle(s) and clear muscle aponeurosis could
be seen on the image. Before mounting the electrode grids,
the skin was shaved and was then cleansed with an abrasive
pad and alcohol. The adhesive grids were held on the skin
using semidisposable biadhesive 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). Reference electro-
des (Kendall Medi-Trace, Canada) were placed over the pa-
tella. The EMG signals were recorded in monopolar mode,
were bandpass filtered (10–500Hz), and were digitized at a
sampling rate of 2048Hz using a multichannel HDsEMG
acquisition system (EMG-Quattrocento, 400 channel EMG
amplifier; OT Bioelettronica).

Data Analysis

Data were analyzed using MATLAB custom-written scripts
(R2017a; TheMathWorks, Natick, MA).

Force signals.
Torque signals were low-pass filtered (third-order Butterworth
filter, cutoff frequency: 20Hz). We calculated the coeffi-
cient of variation of the torque over the plateau as an esti-
mation of task performance, that is, the lower the
coefficient of variation, the higher the ability of the partic-
ipant to track the target.

Global EMG.
To estimate the normalized EMG amplitude with the
HDsEMG electrodes, single differential signals were first
calculated as the differences between adjacent electrodes
in the column direction. This resulted in 59 differential

signals. Each EMG signal was visually inspected for noise
and artifacts. Signals that exhibited noise or artifacts were
excluded and replaced by the linear interpolation of all the
adjacent channels (between two and four depending on
the location of the electrode). During MVC, the average
rectified value (ARV) was calculated for each of the 59 sig-
nals over a moving time window of 250ms. For each channel,
the maximal ARV achieved over the three contractions was
considered as the maximal EMG amplitude. During the sub-
maximal isometric tasks, the ARV was calculated for each sig-
nal over 5 s at themiddle of the torque plateau. This value was
normalized to the maximum ARV obtained over each of the
59 channels.

To reproduce a classical bipolar electrode configuration
with the HDsEMG grids, the monopolar signals from two
sets of five neighbor channels were averaged to derive an
approximation of two EMG signals recorded by large electro-
des (21). These two EMG signals were differentiated to obtain
a bipolar derivation with an interelectrode distance of
2.4 cm. From here on out, this analysis will be referred to as
bipolar HD. Similar to what was done for the HDsEMG sig-
nals, we calculated the maximal ARV of the signal over a
moving timewindow of 250ms duringMVC. Then, we calcu-
lated the ARV over a 5-s period at the middle of the torque
plateau, and we normalized this value to that determined
duringMVC.

We considered the ratio of normalized EMG amplitude
between VL and VM to provide information about the distri-
bution of activation between these muscles (Eq. 1).

VL
VL þ VM

ratio ¼ normalized ARV VL
normalized ARV VL þ VM

�100 ð1Þ

HDsEMG decomposition.
First, the monopolar EMG signals were bandpass filtered
between 20 and 500Hz with a second-order Butterworth fil-
ter and were visually inspected for noise and artifacts.
Signals that exhibited noise or artifacts were excluded from
further analysis (typically less than two signals per recording
were removed). The HDsEMG signals were then decomposed
using the convolutive blind source separation method (22),
which is implemented in the DEMUSE tool software (v. 5.01;
The University of Maribor, Slovenia). This decomposition
procedure has been extensively validated using experimen-
tal and simulated signals (23, 24). All the motor unit spike
trains were manually edited after the automatic identifica-
tion of the motor units using the procedure described by Del
Vecchio et al. (25). Specifically, after manual exclusion of
spike-train segments with nonphysiological interspike inter-
vals, the motor unit filter was updated and then applied to
the entire signal to re-estimate the spike trains. Then, new
spikes that were recognized by the new motor unit filter
were added. It is relevant to note that all firings identified by
the new filter were retained without any manual exclusion.
The manual intervention only identified the most reliable
signal portions for the calculation of the motor unit filters,
after which the final identification of firings did not include
any subjective intervention (25). Only the motor units that
exhibited a pulse-to-noise ratio> 30dBwere retained for fur-
ther analysis (25). This threshold ensured a sensitivity higher
than 90% and a false-alarm rate lower than 2% (24).
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Strength of the neural drive.
To compare the strength of neural drive received by the VL
and VM muscles during the isometric knee extensions, we
compared the increase in discharge rate during the ramp-up
phase between VL and VMmotor units with the same recruit-
ment threshold [with a difference <0.5% of MVC; (13)]. First,
we determined the recruitment threshold of each identified
motor unit as the normalized joint torque at the time when
the unit began to discharge (Fig. 2). The discharge rate at
recruitment was considered as the mean of the first three dis-
charges (26). Second, we determined the d discharge rate
(expressed in pps) as the rate of change in discharge rate from
the recruitment to the target torque level, that is, the mean of
the first three instantaneous discharge rates at the plateau
level minus the discharge rate at recruitment. For each pair of
matched motor units, we calculated the ratio of d discharge
rate between VL and VM using the same approach that was
used for normalized EMG amplitude (Eq. 1). As the recruit-
ment threshold is related to the size of the motoneuron, the
matched motor units were likely to share similar excitability
properties and to transform the synaptic input into action
potentials in a similar way. Therefore, we considered that the
ratio of d discharge rate was an indicator of the relative
strength of net excitatory input between VL and VM (13).

Common input.
If two motor units receive a common input, this will be pres-
ent at the output spike train of each motor unit (20). In this
way, a coherence analysis is classically performed to assess
the degree of common input between motor units from the
same (within-muscle coherence) or from different muscles
(between-muscle coherence). This analysis represents the
correlation between the two signals at given frequencies,
with 0 indicating no correlation and 1 indicating a perfect
correlation. Only the plateau of the three contractions was
considered for the coherence analyses.

To assess the within-muscle coherence for VL and VM, we
calculated the pooled coherence on two equally sized groups
of cumulative spike trains (CST). The number of motor units
in each of the two groups varied from one to the maximum
number (half of the total number of identified units). For
each iteration (number of units), all the unique combina-
tions of motor units were tested up to a maximum of 100
random permutations. We calculated the coherence using
theWelch’s periodogramwith nonoverlappingHanning win-
dows of 1 s (Fig. 3). The rate of increase in the mean coher-
ence value over the bandwidth 0–5Hz as a function of the
number of motor units used in the calculation depends on
the proportion of common synaptic input with respect to the

Figure 2. Distribution of the strength of neural drive between the vastus lateralis (VL) and vastus medialis (VM) muscle. A: to compare the strength of
neural drive received by VL and VM, we compared the increase in discharge rate during the ramp-up phase between VL and VM motor units matched
by recruitment threshold. B: group distribution of the ratio of the strength of neural drive between VL and VM (50% indicates a balanced neural drive
between the muscles). C and D: relationship between the ratio of neural drive and the ratio of normalized EMG amplitude as measured using either the
bipolar HD configuration (C) or the HDsEMG configuration (D). Each participant is depicted in a different color (n =22). EMG, electromyography; HD, high
density; HDsEMG, high-density surface electromyography; MVC, maximal isometric contractions.
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total input received by the motor neuron pool (27). As such,
we calculated the rate of increase between group of one and
group of two motor units and considered this increase as an
estimate of the proportion of common input. We limited this
analysis to group of two motor units, as it maximized the
number of participants for whom this analysis was possible
(n = 22 for VL and n = 19 for VM).

In addition, we estimated the proportion of specific
drive that each muscle received with a pooled partial co-
herence analysis, as proposed by Laine et al. (17). The
result of the partial coherence is interpreted as the level of
residual coupling between each pair of motor units of a
given muscle after removing the signal components that
are synchronous with the neural drive of the other muscle
(17, 28). Thus, the partial cross-spectra (Pxy/z) between
motor units x and y accounting for the CST of the other
muscle (z) was defined as:

Pxy�z ¼ Pxy � Pxz � Pzy

Pzz
ð2Þ

where Pxy indicates the cross spectra between motor units x
and y; Pxz and Pzy indicate the cross spectra between the CST
and motor units x and y, respectively; and Pzz indicates the
auto-spectra of the CST. The partial auto-spectra for the
motor unit x (Pxx�z) accounting for the CST of the VM was
calculated as:

Pxx�z ¼ Pxx � jPxzj2
Pzz

ð3Þ

The partial auto-spectra for the motor unit y (Pyy�z) was
estimated similarly, and the partial coherence (COHxy�z) was
calculated as:

COHxy�z ¼ jPxy�zj2
Pxx�z � Pyy�z

ð4Þ

Finally, we calculated the ratio between the areas of the
partial and total coherence within the 0–5Hz bandwidth. We
considered this value as the relative proportion of muscle-
specific drive (17).

To assess the between-muscle coherence, we calculated
the pooled coherence between equally sized CST of VM
and VL. The number of motor units in each CST varied
from 1 to the lowest total number of identified units
between VL and VM. For each iteration (number of units
in each CST), all unique combinations of motor units were
tested up to a maximum of 100 random permutations. We
calculated the coherence using the Welch’s periodogram
with nonoverlapping Hanning windows of 1 s. To compare
the between-muscle coherence across participants, we
used the results from the groups of three motor units, as it
represented the minimum number of decomposed units
from VM for three participants.

Figure 3. Calculation of the within- and between-muscle coherence. Motor unit spike trains were identified from the vastus lateralis (VL, A) and vastus
medialis muscle (VM, B). For this individual example, 14 and seven motor units were identified in VL and VM, respectively. C: to assess the within-muscle
coherence for VL and VM, we calculated the pooled coherence on two equally sized groups of cumulative spike trains (CST). The number of motor units
in each of the two groups varied from 1 to the maximum number (half of the total number of identified units, i.e. seven motor units for this example—VL).
D: to assess the between-muscle coherence, we performed pooled coherence analyses between two equally sized CST of the VM and VL muscles. The
number of motor units in each CST varied from 1 to the lowest total number of identified units between VL and VM (seven for this example). E: change in
the mean coherence in the bandwidth 0–5Hz as a function of the number of motor units. Here, the vertical bars indicate the standard deviation across
the iterations (up to 100 iterations) for a given participant. The interindividual variability was assessed from the results obtained using groups of two
motor units for the within-muscle coherence and groups of three motor units for between-muscle coherence because this maximized the number of par-
ticipants for whom these analyses were possible.
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To account for the small difference in the duration of the
signal considered for the analysis, we transformed the coher-
ence values to a standard z-score to make comparisons
between participants:

COH z score ¼
ffiffiffiffiffiffi

2L
p

� atanh
ffiffiffiffiffiffiffiffiffiffiffi

COH
p

� bias

where COH is coherence, L is the number of time segments
used for the coherence analysis (e.g., for 30s, L=30, as the anal-
ysis was performed on 30 windows of 1 s), and bias is the mean
COH z-score between 250 and 500Hz where no coherence is
expected (29). Coherence was considered significant when the
z-score was higher than 1.65 as classically used (15, 30).

Statistical Analysis

Statistical analyses were performed in Statistica v. 7.0
(StatSoft, Tulsa, OK). Distributions consistently passed the
Kolmogorov–Smirnov normality test. Data are reported as
means ± SD.

We first aimed to determine the individual differences in
the strength of neural drive received by VL and VM and its
relationship with interference EMG amplitude. To this end,
the discharge rate measured at the recruitment and the rate
of change in discharge rate from the recruitment to the tar-
get torque level were compared between VL and VM with
separate paired t tests. The discharge rate measured at the
beginning and at the end of the plateau were compared
between muscles using a repeated-measures ANOVA [within-
subject factor: muscle (VL, VM) and time (start plateau, end pla-
teau)]. Normalized EMG amplitudes were compared between
muscles and electrode configurations using a repeated-
measures ANOVA [within-subject factor: muscle (VL, VM)
and electrode configuration (bipolar HD, HDsEMG)]. The
relation between the ratio of neural drive and the ratio of
normalized EMG was assessed using the Pearson’s correla-
tion coefficient.

Second, we aimed to determine the individual differences
in the degree of common input to the motor neuron pools
innervating each muscle and between pools innervating the
two muscles. Mean and maximal coherence within the d
band (0–5Hz), proportion of common input, and muscle-
specific drive were compared between VL and VM using sep-
arate paired t tests. The relationship between the within-
muscle and the between-muscle coherence over the d band
was estimated with the Pearson’s correlation coefficient. To
investigate the relationship between task performance and
the degree of common input, we calculated the Pearson’s
correlation coefficient between the coefficient of variation of
torque and themean coherence within the d band.

To investigate the consistency of neural strategies over
time, we calculated the intraclass correlation coefficient
(ICC) and the standard error of measurement (SEM) between
the two sessions. We performed this analysis on the d dis-
charge rate, the ratio of neural drive, and the ratio of normal-
ized EMG amplitude for the first aim. We estimated the
consistency of the mean within-muscle and between-muscle
coherence in the 0–5Hz bandwidth and the muscle-specific
drive for the second aim. ICC with values less than 0.4,
between 0.4 and 0.6, between 0.6 and 0.75, and greater than
0.75 were considered poor, fair, good, and excellent, respec-
tively (31). The level of significance was set at P< 0.05.

RESULTS

The entire data set (raw and processed data) is available at
https://doi.org/10.6084/m9.figshare.12739133.

Motor Unit Decomposition

The total number of decomposed motor units was 302
and 174 for VL and VM, respectively. This resulted in an
average number of decomposed motor units per partici-
pant of 13.7 ± 4.9 for VL (range: 4–23) and 7.9 ± 2.9 (range:
3–14) for VM. For the aims of this study, only motor units
with specific recruitment thresholds (a matched thresh-
old between VL and VM, aim 1) or with enough number of
discharges (a continuous discharge for >25 s; aim 2) were
selected.

Distribution of the Strength of Neural Drive between VL
and VM

To compare the strength of neural drive received by the
two muscles, we compared the rate of increase in discharge
rate between VL and VM motor units, which were matched
based on their recruitment threshold (Fig. 2A). A total of 176
motor units were matched between VL and VM, with an av-
erage of 8±4.3 units per participant (range: 2–21). Their aver-
age recruitment threshold was 13.7 ±3.3% of MVC. The mean
discharge rate of these matched motor units at recruitment
was lower for VL (5.9± 1.4 pps) than for VM (6.5 ± 1.2 pps; P =
0.002). The mean discharge rate during the torque plateau
was also lower for VL than VM (main effect of muscle: P <
0.001) and decreased between the start and the end of the
plateau regardless of the muscle (main effect of time: P <
0.001). There was not significant interaction betweenmuscle
and time (P = 0.92). It should be noted that when all of the
identified motor units were considered, there was no signifi-
cant difference in discharge rate during the plateau between
VL and VM [VL (n = 302): 9.4± 1.6 pps versus VM (n = 174):
9.8 ± 1.5 pps; P = 0.10].

At the group level, the d discharge rate between recruit-
ment and target torque did not differ between muscles (VL:
3.7 ± 1.1 pps versus VM: 3.8 ± 1.2 pps; P = 0.62), resulting in a
mean VL/(VL þ VM) ratio of 49.7 ± 5.8%. However, inspec-
tion of individual participants revealed a large interindivid-
ual variability with the VL/(VL þ VM) ratio ranging from
38.6% to 64.0% (Fig. 2).

Six out of the 22 participants underwent a second experi-
mental session �20mo after the initial session to test the
consistency of the outcomemeasures. ICC values for the rate
of increase in discharge rate were good for VL (ICC=0.71)
and were fair for VM (ICC=0.51), with SE values of 0.61 and
0.66 pps for VL and VM, respectively. The ICC value for the
VL/(VL þ VM) ratio of neural drive was fair (ICC=0.46), and
the SE value was relatively low (SE=4%).

Relationship between Interference EMG and Neural
Drive

Normalized interference EMG amplitude was significantly
higher for VL than VM regardless of the electrode configura-
tion (main effect of muscle: P < 0.001), resulting in a VL/
(VL þ VM) ratio of 56.4± 7.8% and 56.0±6.2% of maximal
EMG ARV for the bipolar HD and HDsEMG configuration,
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respectively. Of note, normalized EMG amplitude was higher
for the HDsEMG configuration than for the bipolar HD con-
figuration (main effect of electrode configuration: P <
0.001), but values were well correlated between these two
configurations (r=0.77 and P< 0.001 for VL; r=0.94 and P<
0.001 for VM). Similar to what was observed for the distribu-
tion of neural drive, there was a large interindividual vari-
ability for the VL/(VL þ VM) ratios, ranging from 40.4% to
71.7% for the bipolar HD configuration and from 43.0% to
67.2% for the HDsEMG configuration. Interestingly, the
between-session reliability of the distribution of normalized
EMG amplitude [VL/(VL þ VM) ratio] tested on the six par-
ticipants was good (ICC=0.74 and SE=5%) and excellent
(ICC=0.96 and SE=2%) for the bipolar HD and the HDsEMG
configuration, respectively. Overall, these results suggest
that the distribution in normalized EMG amplitude was con-
sistent between sessions.

There was a significant positive correlation between the
ratio of neural drive and the ratio of normalized EMG ampli-
tude [r=0.62 and P = 0.002 for the bipolar HD configuration
(Fig. 2C); r=0.56 and P = 0.007 for the HD-EMG configura-
tion (Fig. 2D)].

Within- and Between-Muscle Coherence

After discarding the motor units that were not recruited
during all of the three contractions and removing the data
from participants with less than four consistently firing
motor units (three participants for VM), the within-muscle
coherence analysis was performed on 265 motor units from
22 participants for VL and on 134motor units from 19 partici-
pants for VM. It resulted in an average of 12±4 and 7.1 ± 1.8
motor units for VL and VM, respectively. The between-mus-
cle coherence analysis was performed on 12±4 motor units
for VL and 6.5 ±2.2 motor units for VM from the 22 partici-
pants. On average, the coherence analysis was performed on
signals of 29± 1 s duration. Note that the coefficient of varia-
tion of the torque produced during the plateau ranged from
1.1% to 3.1%, meaning that all the participants were able to
track the target without difficulty. There was no significant
relationship between the coefficient of variation of the tor-
que and any values of coherence (range: r =�0.21 to 0.26).

The index of the proportion of common synaptic input
(PCI), with respect to the total input received by the motor
neuron pool of each muscle, was estimated from the rela-
tionship between the mean coherence over the bandwidth
0–5 Hz and the number of motor units used to calculate this
coherence (Fig. 4, A and B). Interindividual differences in
the mean coherence increased with the number of motor
units considered in the analysis (Fig. 4, A and B). The rate of
increase calculated between group of one and group of two
motor units, for which most of the participants could be con-
sidered in the analysis, did not differ between muscles (P =
0.19). Inspection of data for individual participants revealed
a variability in the overall rate of increase and, thus, in the
estimated proportion of common input (Fig. 4,A and B).

Figure 5 depicts the within-muscle coherence calculated
for the combinations of all the unique pairs of motor units
(e.g., a group of one motor unit from the aforementioned
analysis). The overall coherence profiles were similar
between muscles, with the highest coherence being

observed within the 0–5Hz bandwidth (d band), and more
specifically below 2Hz. No significant coherence was
observed within the a (5–15Hz) and b band (15–35Hz). The
coherence calculated over the d band did not differ
between muscles, regardless of whether we considered the
mean (P = 0.19) or the maximal value (P = 0.11). A total of
82% and 95% of the participants exhibited a significant
within-muscle coherence for at least one frequency within
the 0–5Hz bandwidth for VL and VM, respectively.

The level of between-muscle coherence increased with the
number of motor units considered in the analysis for most,
but not all, of the participants (Fig. 4). To compare the
between-muscle coherence across individuals, we consid-
ered the results from group of three motor units because this
represented the minimum number of identified motor units
in VM for three participants. Even thoughmost of the partic-
ipants exhibited a significant coherence between VL and VM
over the entire bandwidth 0–5Hz, others exhibited little co-
herence, with one participant not reaching the level of signif-
icance for any of the frequencies (Fig. 4C). Of note, three of
22 and one of 22 participants exhibited a significant coher-
ence within the a and b band, respectively. The mean
between-muscle coherence in the 0–5Hz bandwidth was
positively correlated with the mean within-muscle coher-
ence in the 0–5Hz bandwidth of either VL (r=0.49, P =
0.021; Fig. 6A) or VM (r=0.58, P = 0.009; Fig. 6B). This indi-
cates that the participants who exhibited a large coherence
between motor units of the same muscle also exhibited a
large coherence between muscles. This was further con-
firmed by the positive correlation between the mean
between-muscle coherence in the 0–5Hz bandwidth and the
index of the proportion of common input (r=0.56, P = 0.007,
and r=0.56, P = 0.012, for VL and VM, respectively). The
same analyses were performed on the 1.5–5 Hz bandwidth to
confirm that the high magnitude of coherence below 1.5Hz
did not influence the outcomes. The mean coherence values
were highly correlated to those obtained over the 0–5 Hz
bandwidth (r values for VL=0.87; r values for VM=0.95),
and the relationships between the within- and between-mus-
cle coherence were still significant (r = 0.79 and r=0.72 for
VL and VM, respectively).

The reliability of the mean within-muscle coherence in
the 0–5Hz bandwidth (z-score) was excellent for VL
(ICC=0.93; SE=0.21) and fair for VM (ICC=0.45; SE=0.69).
We also found an excellent reliability (ICC=0.91; SE=0.62)
for the mean between-muscle coherence in the 0–5Hz band-
width (z-score). Inspection of Fig. 7 emphasizes the similar-
ity of the shapes of coherence curves between the two
sessions, even when data collection is interspaced by 20mo.
The reliability analysis rules out the possibility that the
interindividual variation of common input observed in this
study depended solely on the variability of the measures.

Muscle-Specific Drive

To estimate the muscle-specific drive, we calculated the
within-muscle coherence after removing the CST of the
other muscle, that is, partial coherence (Fig. 8A). The partial
coherence represented the muscle-specific drive, that is, the
drive that was not shared with the other recorded synergist
muscle. Figure 8 depicts the ratio between the partial and
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the pooled coherence, which was considered as the propor-
tion of muscle-specific drive. On average, the percentage of
muscle-specific drive was 37± 24% for VL and 41±23% for
VM, with no significant difference between muscles (P =
0.77). Again, a large interindividual variability was observed

with values ranging from 6% to 83% for VL (Fig. 8B) and
from 6% to 86% for VM (Fig. 8C). The percentage of muscle-
specific drive was positively correlated between VL and VM
(r=0.82; P < 0.001), and, as expected, was negatively corre-
lated with the mean between-muscle coherence within the

Figure 4. Relationship between the mean coherence in the d band and the number of motor units considered in the analysis. Each panel represents the
relationship between the mean values of coherence in the bandwidth 0–5Hz (within-muscle for A and B, between-muscles for C) and the number of
motor units. The coherence analyses were performed on two cumulative spike trains, with a varying number of motor units in each group. Each estima-
tion is the average of the permutations of all possible combinations of group of motor units, or after the completion of 100 permutations. Each participant
is depicted in a different color. The lower panels depict the standard deviation (SD) across participants. Note that the drops at the highest number of
motor units can be explained by the lower number of participants used to calculate the SD. VL, vastus lateralis; VM, vastus medialis.

Figure 5. Within- and between-muscle coherence. The within-muscle coherence (z-score) is depicted for each participant on the top [A: VL (n =22); B:
VM (n = 19)]. The coherence (z-score) between VL and VM is depicted in C. The red horizontal dashed line indicates the significant threshold, which is set
at 1.65. The bottom indicates the percentage of participants who exhibited a significant coherence. Note that comparison of absolute values from within-
muscle and between-muscle coherences should be performed with caution, as we considered pairs of motor units for the within-muscle coherence and
cumulative spike trains of three motor units for the between-muscle coherence. VL, vastus lateralis; VM, vastus medialis.
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0–5Hz bandwidth (VL: r = �0.64, P = 0.001; VM: r =�0.49, P
= 0.031). Of note, similar results were observed when calcu-
lating the muscle-specific drive only from frequencies with
significative coherence. Finally, the reliability of muscle-spe-
cific drive was excellent for both the VL (ICC=0.89;
SE= 14%) and the VMmuscle (ICC=0.91; SE= 14%).

DISCUSSION

The distribution of the strength of neural drive between
VL and VM and the degree of common input to the motor
neuron pools within and between these muscles varied
across individuals, even during a highly constrained motor
task. Importantly, these strategies were robust across

sessions that were interspaced by 20mo. Together, these
results provide strong evidence of the existence of individual
neural strategies to control the VL and VM muscles.
Understanding the reasons and the consequences of these
individual differences is important to expand our under-
standing ofmuscle control in health and disease.

Strength of Neural Drive

Because EMG amplitude provides a crude index of neural
drive (11, 12), it remains unclear to what extent the observed
individual differences in the distribution of normalized EMG
amplitude across synergist muscles (5, 9, 32) reflect differen-
ces in neural control strategies. As proposed by Martinez-
Valdes et al. (13), we assessed the strength of neural drive by

Figure 6. Relationship between the within-
and between-muscle coherence. The anal-
ysis was performed using the mean coher-
ence values (z-score) in the bandwidth 0–
5Hz. Each participant is depicted in a differ-
ent color. Note that comparison of absolute
values from within-muscle and between-
muscle coherences should be performed
with caution, as the number of motor units
considered for these analyses was different
(see METHODS). VL, vastus lateralis; VM,
vastus medialis.

Figure 7. Reliability of within- and between- muscle coherence over a 20-mo period. Each panel depicts the coherence analysis performed in session 1
and session 2 for six participants. The within-muscle coherence (z-score) is depicted in the top for VL and in themiddle for VM. The between-muscle co-
herence (z-score) is depicted in the bottom. The red horizontal dashed line indicates the significant threshold, which was set at 1.65. Of note, participant
4 exhibited negligible coherence between VL and VM. The fact that this uncommon behavior was consistently observed across sessions made us confi-
dent that this was actually related to a specific individual neural strategy. VL, vastus lateralis; VM, vastus medialis.
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calculating the increase in discharge rate from recruitment
to target torque. To ensure that we compared VL and VM
motor units with similar intrinsic properties, this analysis
was performed on motor units matched by recruitment
threshold. In accordance with previous work (13), the analy-
sis performed at the group level suggested that the VL and
VM muscles received similar levels of synaptic input despite
the fact that a greater normalized EMG amplitude was
observed for VL compared with VM. However, inspection of
individual data revealed a large interindividual variability in
the distribution of neural drive (Fig. 2B), with 11 participants
exhibiting a stronger drive to the VL muscle and 11 partici-
pants exhibiting a lower drive to the VLmuscle [range of VL/
(VL þ VM) ratio: 39%–64%]. Interestingly, there was a sig-
nificant positive correlation between the ratio of neural drive
and the ratio of normalized EMG amplitude. Even though
the normalized interference EMG does not provide a direct
quantification of the neural drive, our results suggest that
individual differences in the distribution of normalized EMG
between synergist muscles reflect actual differences in the
distribution of neural drive. These results may contribute to
interpreting interindividual differences in the interference
EMG data.

It is important to note that the reproducibility of the ratios
of neural drive assessed 20mo apart was only fair
(ICC=0.46; SE=4%). Even though this result could be
explained by the relatively low number of paired motor
units, the positive correlation between this index and the ra-
tio of normalized EMG amplitude makes us confident that
the observed variability between participants was explained,
at least in part, by variability in the distribution of neural
drive.

Common Input

The synaptic input received by pools of motor neurons
innervating the same or different muscles is composed of
common and independent inputs (14, 27, 33–35). The com-
mon input generates the effective neural drive responsible
for the control of muscle force (20, 36–38), whereas the

independent input is mostly filtered out in the generation of
the neural drive. Here, we applied a coherence analysis to
assess the degree of common input between motor units
from the same (within-muscle coherence) or from different
muscles (between-muscle coherence). Our results confirmed
the presence of significant within- and between-muscle co-
herence within the 0–5Hz bandwidth. This is in accordance
with the model proposed by Laine et al. (17), where the VL
and VM muscles receive both common and unique inputs.
However, in this work, we measured a substantially larger
sample of individuals than in previous work, and this
allowed us to investigate the relationship between different
outcomes. We observed a positive correlation between the
level of within- and between-muscle coherence (Fig. 6), sug-
gesting that the within-muscle coherence is largely influ-
enced by the level of common drive between muscles. As
such, the measure of within-muscle coherence provides in-
formation about all the levels of between-muscle coherence.
Although it is tempting to conclude that the within-muscle
coherence could be used as a surrogate of the common drive
shared between synergist muscles, this does not hold true
for all muscles. For example, even though a high level of
within-muscle coherence was observed on the gastrocne-
mius muscles, the between-muscle coherence between these
muscles was very low (39).

To further assess the degree of common input between VL
and VM, we calculated the within-muscle coherence after
removing the CST of the other muscle, and we considered
this partial coherence to be representative of the muscle-spe-
cific drive. In accordance with Laine et al. (17), we observed
that the proportion of muscle-specific drive over the total
drive was relatively low (37±24% for VL and 41±23% for
VM), confirming that these two synergist muscles share most
of their drive. However, it is important to note that this con-
clusion is only true “on average.” Inspection of data for indi-
vidual participants revealed that the proportion of muscle-
specific drive varied greatly between participants, with a log-
ical negative correlation between the common drive between
muscles (mean coherence between 0 and 5Hz) and the

Figure 8. Muscle-specific drive. A: the total coherence was calculated as the pooled coherence between the cumulative spike trains (CST) of all the
unique pairs of motor units, or after completing 100 iterations. We also calculated the within-muscle coherence after removing the CST of the other mus-
cle (partial coherence). We considered the ratio between areas of the partial and total coherences over the 0–5Hz bandwidth as the relative proportion
of muscle-specific drive. B and C: relative proportion of muscle-specific drive for VL (B) and VM (C). Note that this analysis was performed on 19 partici-
pants for VM, because less than four motor units were identified in three of the participants for this muscle. VL, vastus lateralis; VM, vastus medialis.
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proportion of muscle-specific drive (VL: r = �0.65; P = 0.001;
VM: r = �0.48, P = 0.031). Interestingly, in contrast to previ-
ous results (17), we observed that some participants (e.g.,
participants 4, 5, and 11) exhibited very little coherence
between VL and VM, leading to a proportion of muscle-spe-
cific drive greater than 80% in two participants. To the best
of our knowledge, this is the first report of an interindividual
variability in the coherence values within and between syn-
ergist muscles. To interpret this variability as a physiological
variability related to the amount of common input received
by these muscles, it was important to rule out the possibility
that this variability originated from the experimental and/or
analysis procedures. First, to be representative of common
input received by motor neuron pools, it is important that
the coherence analysis is performed on several motor units
(27). This is because the level of coherence increases monot-
onically with the number of units used for the analysis (36),
as shown in Fig. 4. Importantly, a low level of coherence was
observed in participants with a relatively large number of
decomposed units (e.g., participant 4: 22 and 14 motor units
for VL and VM, respectively). Second, six participants were
retested �20mo after the first session, and coherence values
were highly reproducible. For example, participant 4 exhib-
ited very little coherence between VL and VM for both ses-
sions (Fig. 7). Together, these observations gave us
confidence that the variability of the outcome measures
reflected variability in the degree of common input rather
thanmeasurement noise.

Of note, the neural drive to the muscles appeared to be
limited to the common drive [0–5Hz (34)], with only four
participants exhibiting a significant coherence above 5Hz.
This is in contrast with the observation that there is a signifi-
cant coherence in the a and b bands made in other muscles
[e.g., handmuscles (16)]. Even though a variety of factors can
limit the sensitivity of the coherence measures (40), our
results suggest a lower influence from the supraspinal and
afferent inputs in musculature involved in force production
in opposition of muscles involved in finemotor tasks.

Origin and Consequences of Individual Strategies

The origin of the interindividual differences in the neural
control of VL and VM is unclear. It is possible that differen-
ces in neural circuitries are shaped by developmental proc-
esses, motor exploration, experience, and training (3).
Central pattern generators are capable of learning and adap-
tation, which may lead to interindividual variability in
movement behavior (41). Because movement results from
the interplay between neural strategies and the properties of
the neuromusculoskeletal system (4), it is possible that the
neural strategies adapt to individual mechanical properties.
This is in agreement with indirect observations obtained
from interference EMG, indicating that muscle activation is
biased by muscle force-generating capacity, that is, the
greater the force-generating capacity of VL compared with
VM, the stronger bias of activation to the VL (10). Even
though this coupling might explain the large range of ratios
of neural drive (Fig. 2), it does not explain the interindividual
variability in the level of common drive between VL and VM.
Variations in common drive can arise from the propriocep-
tive feedback loops. Thus, several studies have reported an

inverse relationship between the strength of reflex response
due to the activation of afferent fibers and the degree of com-
mon drive (42, 43). In this way, the balance of Ia afferent
gains could differ between VL and VM (44) in subject-spe-
cific manner, which in turn could impact the degree of com-
mon drive.

The coordination of VL and VM plays an important role in
regulating the internal joint stress (45). As such, a relatively
large common drive between these muscles, as observed in a
majority of our participants, might be an efficient strategy to
prevent knee injury and might explain why activation of VL
and VM cannot be voluntary disassociated (46). This logi-
cally leads to the question of what the functional impact of a
low common drive between VL and VM is, as observed in a
small subset of our participants. In line with the role of VL
and VM in minimizing the joint stress, a lower common
drive might be associated with a higher risk of developing
knee-related injuries. In this way, Mellor and Hodges (47)
observed a lower synchronization between VL and VMmotor
units in people with anterior knee pain. Of note, our study
did not consider the different portions of the VM muscle
(longus and obliques). Future studies should explore poten-
tial differences between the different portions of the VM
muscle. Finally, the level of common drive between these
muscles may influence the ability to disassociate the activa-
tion of the VL and VM muscles, which might, in some situa-
tions, be beneficial (e.g., compensation during a fatiguing
task). Overall, these results provide the motivation to deter-
mine the functional consequences of the individual neural
strategies.
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