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Abstract 16 

We aimed to determine whether the neural control of the biarticular gastrocnemius medialis 17 

(GM) and lateralis (GL) muscles is joint-specific, i.e, whether their control differs between 18 

isolated knee flexion and ankle plantar flexion tasks. Twenty-one male participants performed 19 

isometric knee flexion and ankle plantar flexion tasks while we recorded high-density surface 20 

electromyography (HDsEMG). First, we estimated the distribution of activation both within- 21 

and between-muscles using two complementary approaches: surface EMG amplitude and 22 

motor unit activity identified from HDsEMG decomposition. Second, we estimated the level of 23 

common synaptic input between GM and GL motor units using a coherence analysis. The 24 

distribution of EMG amplitude between GM and GL was not different between tasks, which 25 

was confirmed by the analysis of motor units discharge rate. Even though there was a significant 26 

proximal shift in GM and GL EMG amplitude during knee flexion compared to ankle plantar 27 

flexion, the magnitude of this shift was small and not confirmed via the inspection of the spatial 28 

distribution of motor unit action potentials. A significant coherence between GM and GL motor 29 

units was only observed for four (knee flexion) and three (ankle plantar flexion) participants, 30 

with no difference in the level of coherence between the two tasks. We were able to track only 31 

a few motor units across tasks, which raises the question as to whether the same motor units 32 

were activated across tasks. Our results suggest that the neural control of the GM and GL 33 

muscles is similar across their two main functions. 34 

Keywords: coherence; activation; triceps surae; electromyography; motor units; common 35 

drive. 36 

New & Noteworthy 37 

Several studies have focused on the neural strategies used to control the gastrocnemius medialis 38 

(GM) and lateralis (GL) during ankle plantar flexion. However, their secondary function, i.e. 39 

knee flexion, is not often explored. We observed a robustness of the GM and GL activation 40 

strategy across tasks, which was further confirmed with an analysis of the motor unit discharge 41 

characteristics. The level of common synaptic input between GM and GL motor units was low, 42 

regardless of the task. 43 

  44 
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Introduction 45 

Muscle coordination is for a large part determined by how skeletal muscles are activated by the 46 

central nervous system. It appears that muscle activation is not always evenly distributed among 47 

muscles from the same anatomical group. For example, within the quadriceps, during 48 

submaximal isometric knee extension, some individuals activate the vastus lateralis (VL) more 49 

than the vastus medialis (VM), whereas others use the reverse strategy (1–4). This distribution 50 

of muscle activation between VL and VM is robust across different tasks such as walking and 51 

pedalling (3). An imbalance in the distribution of activation also exists between the biarticular 52 

gastrocnemius medialis (GM) and gastrocnemius lateralis (GL) during ankle plantar flexion. In 53 

this case, the activation is almost always biased towards the GM, with a large amount of 54 

variation in the degree of this imbalance across individuals (2, 3). The imbalance of activation 55 

between GM and GL is related to their differences in maximal force-generating capacity (2). 56 

Specifically, the greater the physiological cross-sectional area (PCSA) of GM compared to the 57 

PCSA of the GL, the stronger the bias in muscle activation towards the GM. In contrast to what 58 

is observed across different tasks for VL and VM (3), the strategy used to control the biarticular 59 

GM and GL seems more variable across tasks. For example, foot position (i.e. external versus 60 

internal rotation) induces a modification in the distribution of activation between the 61 

gastrocnemii (5–7). This more flexible control of the GM and GL muscles is associated with a 62 

relatively low level of, if any, common synaptic input between these muscles (8, 9). Even 63 

though such a flexible control may be needed to manipulate the ankle joint in the frontal plane 64 

where the GM and GL generate opposite moment (10, 11), it occurs at the expense of the 65 

number of dimensions that need to be controlled by the nervous system. 66 

Previous studies have focused on the neural strategies used to control the GM and GL during 67 

ankle plantar flexion (12–14). However, as biarticular muscles, they also cross the knee joint 68 

and contribute to the knee flexion moment (15). This second function is not often explored, 69 

leaving a knowledge gap in our understanding of the control and function of the gastrocnemii, 70 

and more broadly of biarticular muscles. There is evidence that the activation of biarticular 71 

muscles is joint-specific. For example, hip flexion is associated with a preferentially recruitment 72 

of the proximal portion of the rectus femoris muscle whereas knee extension is associated with 73 

more distal activation of the rectus femoris (16–18). There is no consensus on whether such 74 

task-specific regional activation occurs in the human GL and GM muscles. Region-specific 75 

functional roles of GM have been suggested in some (18), but not all studies (19). Yet, the task-76 

specific modulation of common synaptic input has not been examined in biarticular muscles. 77 
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Specifically, if the low level of common synaptic input between GM and GL observed during 78 

ankle plantar flexion (8) is necessary to control additional degrees of freedom of the ankle, then 79 

it is possible that these muscles receive a higher level of common synaptic input during a task 80 

whereby these muscles control only one degree of freedom, e.g. knee flexion. This may 81 

decrease the number of degrees of freedom that needs to be controlled by the central nervous 82 

system. 83 

In this study we determined whether the neural control of the GM and GL differs between a 84 

knee flexion and an ankle plantar flexion task performed at the same relative activation level 85 

and at the same joint configuration. The main aim was to estimate the distribution of activation 86 

between the GM and GL using two complementary approaches: the amplitude of surface high-87 

density electromyographic signals (HDsEMG) and the discharge rate of individual motor units 88 

identified from decomposed HDsEMG signals. Based on the observation that there is a coupling 89 

between the distribution of activation and the distribution of force-generating capacity (2), we 90 

hypothesized that the distribution of activation would be robust across tasks where no specific 91 

control of moment in the frontal plane is required. The second aim was to investigate the 92 

regional activation within gastrocnemii from the amplitude of HDsEMG signals and from the 93 

spatial location of the motor units action potentials. We hypothesized that the regional 94 

activation would remain similar across knee flexion and ankle plantar flexion based on the 95 

limited possibility to regionally recruit motor units over the gastrocnemius muscle (19). Third, 96 

we aimed to compare the level of common synaptic input within each muscle and between GM 97 

and GL across tasks using a coherence analysis applied to motor unit spike trains. We 98 

hypothesized that the motor units extracted from the GM and GL would show a higher 99 

coherence during knee flexion compared to ankle plantar flexion, which may be an effect of the 100 

higher common synaptic input. This would reduce the number of dimensions to be controlled 101 

during knee flexion.   102 
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Methods 103 

Participants 104 

Twenty-one physically active males participated in this study (mean ± standard deviation; age: 105 

27.3 ± 4.3 years, height: 176 ± 24 cm, body mass: 77.1 ± 12.9 kg). Of note, we recruited only 106 

males because we failed to identify enough GL motor units on females during our pilot testing. 107 

Participants had no history of lower leg pain that had limited function that required time off 108 

work or sport, or a consultation with a health practitioner in the previous six months. They 109 

provided informed written consent prior to the experimental session. The study was approved 110 

by the institutional research ethics committee of Nantes University (CERNI n°28022022-1). 111 

Experimental design 112 

The experimental protocol consisted of isometric knee flexion and ankle plantar flexion 113 

contractions. For both knee flexion and ankle plantar flexion, participants laid prone on a 114 

dynamometer bed (Biodex System 3 Pro, Biodex Medical, Shirley, NY) with their right knee 115 

and ankle secured at 160° (180° degrees equals a fully-extended knee) and 90° (foot 116 

perpendicular to the shank), respectively. During the knee flexion task, we used a custom brace 117 

to secure the ankle at 90°. Two inextensible straps immobilized the back and the right knee of 118 

the participants. 119 

Participants performed the knee flexion and ankle plantar flexion tasks in a randomized order. 120 

The procedure was similar for knee flexion and ankle plantar flexion tasks. Participants began 121 

with a standardized and progressive warm-up which consists in isometric knee flexion or ankle 122 

plantar flexion. After 2 min of rest, they performed three maximal isometric voluntary 123 

contractions (MVC), held for 3 s, with 120 s of rest between each contraction. Peak torque was 124 

considered as the maximal torque value obtained through a moving average with a window of 125 

250 ms. To compare the neural control of GM and GL between the knee flexion and ankle 126 

plantar flexion tasks, it was important to match the averaged activation between tasks. We 127 

observed during our pilot testing that these muscles exhibit a lower activation during knee 128 

flexion than ankle plantar flexion for the same relative task-specific peak torque. Then, it was 129 

necessary to use higher contraction intensities for knee flexion. Therefore, participants 130 

performed submaximal isometric contractions, presented in a randomized order, at the 131 

following intensities: 30%, 40%, and 50% of peak torque for knee flexion and 20%, 30%, and 132 

40% of peak torque for ankle plantar flexion, and the best match of activation between these 133 

relative torque levels was determined a posteriori as further described below. Of note, we chose 134 
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to match the average GM-GL activation a posteriori instead of asking the participants to 135 

produce a specific activation level using biofeedback as it would have likely modified the 136 

natural coordination strategies. For each intensity, participants performed three trapezoidal 137 

isometric contractions with 60 s of rest between each contraction. The contraction consisted of 138 

a 5 s ramp-up, 20 s steady contraction at the torque target and a 5 s ramp-down. A monitor 139 

displayed the target torque levels and the real-time torque output to the participants, digitized 140 

at 2048 Hz and provided by the HDsEMG acquisition system (EMG-Quattrocento; 400-channel 141 

EMG amplifier, OT Bioelettronica, Italy).  142 

Surface electromyography recordings 143 

HDsEMG signals from the GM and the GL of the right leg were recorded using two-144 

dimensional adhesive grids of 64 electrodes (13×5 electrodes with one electrode absent on a 145 

corner, gold-coated, interelectrode distance: 8 mm; GR08MM1305 OT Bioelettronica, Italy). 146 

First, we identified the muscle boundaries using B-mode ultrasound (Aixplorer, Supersonic 147 

Imagine, France) such that we could place the HDsEMG grid in the center of the muscle belly 148 

to minimize crosstalk. B-mode ultrasound was also used to define the fascicle orientation and 149 

align the grid in the direction of the fascicles. Then we shaved, cleansed, and abraded the skin 150 

using abrasive gel to reduce the skin-electrode impedance. A reference electrode (Kendall 151 

Medi-Trace, Canada) and a strap ground electrode were placed over the right tibia and around 152 

the left ankle, respectively. Finally, we secured the electrodes with elastic bandages to ensure 153 

good skin-electrode contact throughout the experiment. The multichannel HDsEMG 154 

acquisition system (EMG-Quattrocento, 400 channel EMG amplifier; OT Bioelettronica, Italy) 155 

band-pass filtered (10-500 Hz) and digitized the recorded monopolar signals at a sampling rate 156 

of 2048 Hz. 157 

Data analysis 158 

 Global surface electromyography 159 

Analyses were performed offline following the experiment in Matlab (R2018b, The 160 

MathWorks, Natick, MA) using custom-written scripts. First, the signals were band-pass 161 

filtered (20-500 Hz). Then, we visually checked the HDsEMG signals to remove channels with 162 

excessive noise or artefacts. To estimate the normalized electromyography (EMG) amplitude 163 

from the HDsEMG signals, we calculated the differential signals by taking the difference 164 

between adjacent electrodes in the proximo-distal direction, which resulted in 59 differential 165 

signals. When the signal from an electrode was excluded because of noise or artefacts, we 166 
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linearly interpolated the EMG amplitude from all the adjacent electrodes. For the MVC trials, 167 

we averaged the rectified signals over the whole grid and the maximal value of a 500 ms moving 168 

mean from the three MVC was considered as the maximal EMG value (EMGmax). For the 169 

submaximal contractions, each differential signal was rectified and then normalized to EMGmax 170 

measured during ankle plantar flexion. We used EMGmax measured during ankle plantar flexion 171 

as this value was systematically higher than that measured during knee flexion. Of note, as our 172 

aim was to compare EMG amplitude across tasks within a person and muscle, without removing 173 

electrodes, the value used to normalize the signals does not impact the outcomes (20). Finally, 174 

we calculated the average of these submaximal, normalized EMG values first over the 3 175 

plateaus for each channel and then over the 59 signals to get one representative value per 176 

muscle.  177 

Normalized HDsEMG values were used to find an appropriate match for the comparison 178 

between knee flexion and ankle plantar flexion. To this end, we averaged the normalized 179 

HDsEMG value between the GM and GL for each intensity and each task, to obtain a single 180 

'gastrocnemius activation value' per intensity and per task. For further analyses, we only used 181 

the knee flexion intensity and the ankle plantar flexion intensity that exhibited the closest 182 

normalized gastrocnemius activation between the two tasks. Second, we used the HDsEMG 183 

normalized values to calculate the GM/(GM+GL) ratio of activation during both the knee 184 

flexion and the ankle plantar flexion tasks. Third, we assessed the regional activation for each 185 

muscle and for each task by calculating the barycenter of the normalized EMG amplitude across 186 

the 2D EMG grid (Fig. 1). 187 

EMG decomposition 188 

We used the convolutive blind source separation method to decompose the HDsEMG signals 189 

into individual motor unit spiking activity (21). Of note, this analysis was only performed on 190 

the contractions that were matched between tasks in terms of normalized EMG amplitude (see 191 

above). The automatic decomposition was performed on the plateau of the trapezoidal 192 

contraction that exhibited the highest EMG amplitude. Then, we manually edited all the motor 193 

units according to previously published procedures (22, 23). The goal of this manual editing 194 

was to remove the false positive spikes identified by the automatic processing and to add the 195 

false negative spikes that were not identified by the automatic selection process. The motor unit 196 

filters derived from the processing of this plateau were then reapplied on the other plateaus. 197 

Consistent with previous studies, for further analyses, we retained the motor units that had a 198 

pulse-to-noise ratio above 30 dB (24, 25).  199 
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Assessment of crosstalk 200 

We ensured that each motor unit identified in a HDsEMG grid did not originate from crosstalk, 201 

that is, if any unit identified in one muscle actually belonged to the other recorded muscle. To 202 

do this, the firing times of each motor unit of the testing muscle were used to extract the 203 

waveform of each motor unit potential in all 59 differential EMG channels of the grid for each 204 

of the two muscles (26). For each channel and each grid separately, peak-to-peak amplitude of 205 

the motor unit action potential was determined. We then compared the maximal amplitude 206 

between the grids, under the assumption that the action potential amplitude should be largest in 207 

the signal obtained from the electrodes closest to the discharging muscle fibres. If the amplitude 208 

in the other grid exceeded the amplitude of the testing muscle, it was deemed that the motor 209 

unit was identified due to crosstalk, and it was removed from the analyses (26, 27). 210 

Assessment of motor unit discharge rate and spatial location 211 

For this specific analysis, we retained only the participants that had at least three motor units 212 

identified for each muscle and for each task. For the GM, only 19 and 18 participants met this 213 

requirement for the knee flexion and ankle plantar flexion, respectively. For the GL, only nine 214 

and 12 participants met this requirement for the knee flexion and ankle plantar flexion, 215 

respectively. First, we calculated the average discharge rate of each motor unit over each plateau 216 

for both the knee flexion and ankle plantar flexion tasks. We considered only the instantaneous 217 

discharge rates between 5 pps and 20 pps (28). Then, we averaged the values across the three 218 

contractions to obtain a single value for each task. Second, we determined the spatial location 219 

of the action potential of each motor unit over the grid of electrodes. For this purpose, we used 220 

the shape of the motor unit action potentials obtained from the spike-trigger averaged 221 

differential EMG signals of the 59 channels. Then, we calculated the peak-to-peak amplitude 222 

of the motor unit action potential for each channel and we determined the barycenter of the 223 

peak-to-peak amplitude for each grid, i.e. muscle.  224 

Coherence analysis 225 

To estimate the amount of common synaptic input within each muscle and between muscles, 226 

we performed a coherence analysis on cumulative motor unit spike trains. We first maximized 227 

the number of motor units and the duration used for the coherence analysis for each participant. 228 

Specifically, we discarded the portions of the signal where not enough motor units were 229 

discharging simultaneously, and we also discarded the motor units that had discharge patterns 230 

that were too intermittent during the torque plateau (interspike interval > 500 ms). For the 231 

within-muscle coherence, we retained only the participants when they had at least four motor 232 
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units identified per muscle, which allowed us to calculate the coherence between two groups of 233 

two motor units. For the GM, only 18 participants met this requirement for both the knee flexion 234 

and ankle plantar flexion. For the GL, only five and ten participants met this requirement for 235 

the knee flexion and ankle plantar flexion, respectively. For the between-muscle coherence, we 236 

retained only the participants that had at least three motor units identified per muscle and per 237 

task. Only nine participants met this requirement. As coherence is affected by the duration on 238 

which it is calculated, we used the same duration for both tasks, i.e. on average 23 ± 9 s, within 239 

a participant. The within-muscle coherence was performed on 12 ± 6 and 6 ± 3 motor units for 240 

GM and GL, respectively during knee flexion and on 14 ± 6 and 9 ± 6 motor units for GM and 241 

GL, respectively during ankle plantar flexion. The between-muscle coherence was performed 242 

on 11 ± 6 and 5 ± 3 motor units for GM and GL, respectively during knee flexion and on 17 ± 243 

6 and 9 ± 7 motor units for GM and GL, respectively during ankle plantar flexion.  244 

We calculated the magnitude-squared coherence using the Welch periodogram with 245 

nonoverlapping windows of 1 s (1, 26, 27, 29). This analysis was performed on two equal-sized 246 

groups of cumulative spike trains. We used a constant number (n=2 and n=3 for the within-247 

muscle coherence and the between-muscle coherence, respectively) of motor units to calculate 248 

the cumulative spike trains as the number of motor units affects the level of coherence. 249 

However, to consider all the identified motor units in our analysis, we tested all the unique 250 

combinations of motor units from each participant's entire available motor unit pool, with the 251 

maximal number of permutations set to 100. We considered the pooled coherence of these 100 252 

random permutations for further analysis and we focused on the coherence within the delta band 253 

(0-5 Hz), which reflects the presence of common synaptic input relevant for force modulation 254 

(25, 26). Consistent with previous studies (25, 26, 30), we transformed the coherence values to 255 

a standard z-score: 256 

COH 𝑧 score =  √2𝐿 × 𝛼tanℎ√COH − bias    Eq. 1 257 

Where COH is coherence, L is the number of time segments considered for the coherence 258 

analysis, and bias is calculated as the mean COH z score between 250 and 500 Hz where no 259 

coherence is expected. As classically done, the significance threshold for the Z-score 260 

transformed coherence was set at 1.65, based on a one-tailed 95% confidence interval (25).  261 

Motor unit matching 262 

We assessed the proportion of motor units which were identified during both tasks. To do this, 263 

we tracked motor units across knee flexion and ankle plantar flexion tasks using the spatio-264 
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temporal properties of the action potential waveforms within the 2D grids similar to previous 265 

studies (31, 32). Briefly, we first identified the motor unit action potential waveform from 266 

differential signals for each electrode using the spike-triggered averaging technique previously 267 

described. The motor unit waveforms from the 59 electrodes were concatenated. We then 268 

performed cross-correlations between the waveforms of motor units. We considered motor 269 

units within a pairs as matched across tasks when they exhibited a coefficient of correlation 270 

higher than 0.75 (32). We visually checked the matched motor unit action potentials to ensure 271 

the quality of the matching and removed incorrectly matched units when necessary (Fig. 1).  272 

Statistical analysis 273 

All statistical analyses were performed with R (v4.3.0, Vienna, Austria). First, we confirmed 274 

whether all the data were normally distributed using Kolgomorov-Smirnoff test. To compare 275 

the average gastrocnemius activation across the matched knee flexion and ankle plantar flexion 276 

tasks, we performed a two-tailed paired t-test. We used linear mixed effects models (lme.R 277 

function from the nlme package (33)) to compare (i) the overall normalized EMG amplitude 278 

between muscles and between tasks; (ii) the mean GM and GL discharge rate between tasks, 279 

(iii) the regional activation, determined as the x and the y coordinates of the barycenter of EMG 280 

amplitude, between tasks for each muscle and (iv) the spatial location of motor units, 281 

determined as the x and the y coordinates of the barycenter of motor unit action potentials, 282 

between tasks for each muscle. Of note, regarding the regional activation of EMG and the 283 

spatial location of motor unit action potentials, we did not interpret the main effect of muscle 284 

as the barycenter‘s coordinates were determined with respect to the grid location, which 285 

precludes any meaningful comparison between muscles. In all models, muscle (GM, GL) and 286 

task (knee flexion, ankle plantar flexion) were specified as fixed factors with participant as a 287 

random factor.  288 

To determine whether the distribution of activation was correlated across tasks at the population 289 

level, we calculated the Pearson correlation coefficient on the GM/(GM+GL) ratio of activation. 290 

Finally, to compare the level of common synaptic input between tasks, we used a two-tailed 291 

paired t-test on the mean z-score values between 0 and 5 Hz. For all tests, the level of 292 

significance was set at p < 0.05.  293 
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Results 294 

Global surface EMG 295 

EMG amplitude 296 

We first matched the knee flexion and ankle plantar flexion tasks based on the average 297 

gastrocnemius activation. In most of the participants (n=6/21), the best match was obtained by 298 

using an intensity of 40% and 30% of the task-relative peak torque for knee flexion and ankle 299 

plantar flexion, respectively. This led to an average gastrocnemius EMG amplitude of 16.1 ± 300 

6.3% of EMGmax for knee flexion and 17.1 ± 5.1% of EMGmax for ankle plantar flexion (p = 301 

0.061; Fig. 2). The average within-participant difference in average gastrocnemius EMG 302 

amplitude between knee flexion and ankle plantar flexion was 2.0 ± 1.7% of EMGmax.  303 

For the separate muscles, the GM EMG amplitude was 21.9 ± 8.0% and 21.8 ± 5.6% of EMGmax 304 

during knee flexion and ankle plantar flexion, respectively (Fig. 3). The GL EMG amplitude 305 

was 10.3 ± 7.2% and 12.4 ± 6.2% of EMGmax during knee flexion and ankle plantar flexion, 306 

respectively. There was a main effect of muscle (p < 0.001) but no main effect of task (p = 307 

0.294) nor a muscle×task interaction (p = 0.250). Specifically, normalized GM EMG amplitude 308 

was significantly higher than normalized GL EMG amplitude, leading to a GM/(GM+GL) ratio 309 

of 65.0 ± 10.0% and 70.7 ± 12.9% in knee flexion and ankle plantar flexion, respectively. The 310 

GM/(GM+GL) ratio measured during knee flexion was correlated to that measured during 311 

plantar flexion (R = 0.604; p = 0.004; Fig. 4). This demonstrates that participants who exhibited 312 

a greater bias of activation to GM during knee flexion also exhibited a greater bias of activation 313 

to GM during ankle plantar flexion. 314 

As indicated in the methods section, the aforementioned results were derived from values 315 

averaged over the entire torque plateaus. Even though GM and GL EMG amplitude was 316 

relatively constant during the plateau for ankle plantar flexion, GM and GL EMG amplitude 317 

increased over the torque plateau for knee flexion (Fig. 5). To ensure that these different profiles 318 

did not impact the results, we repeated the analysis for the knee flexion task considering only 319 

the second half of each plateau, where EMG amplitude was the highest during knee flexion. 320 

Results were similar to those presented above, with an average difference in average 321 

gastrocnemius EMG amplitude between the matched knee flexion and ankle plantar flexion 322 

task of 3.1 ± 2.8% of EMGmax. The GM/(GM+GL) ratio of EMG amplitude was correlated 323 

between tasks (R = 0.591; p = 0.005). Results was therefore consistent between the initial 324 
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method and this revised method that only considered the part of the knee flexion plateau where 325 

GM and GL are substantially activated. 326 

Regional activation  327 

When considering the proximo-distal (y axis) distribution of EMG amplitude, there was a main 328 

effect of task (p = 0.019) but no muscle×task interaction (p = 0.116). Specifically, the EMG 329 

amplitude was located 1.0 ± 1.4 mm more proximally on the EMG grid during knee flexion 330 

than during ankle plantar flexion, regardless of the muscle. Of note, this difference of 1 mm, 331 

albeit significant, is relatively small. When considering the medio-lateral (x axis) distribution 332 

of EMG amplitude, there was no main effect of task (p = 0.157) nor a muscle×task interaction 333 

(p = 0.252). 334 

Motor unit discharge characteristics 335 

We decomposed the HDsEMG signals into the activity of individual motor units. After the 336 

crosstalk assessment, four GL motor units were considered as crosstalk motor units and 337 

therefore discarded for further analyses. For the GM, we identified on average 14.0 ± 8.1 (range: 338 

5-31) motor units and 16.3 ± 6.9 (range: 6-32) motor units per participant during knee flexion 339 

and ankle plantar flexion, respectively. For the GL, we identified on average 7.2 ± 6.6 (range: 340 

3-24) motor units and 8.9 ± 6.9 (range: 3-23) motor units per participant for knee flexion and 341 

ankle plantar flexion, respectively. Among these motor units, only a small proportion were 342 

identified during both tasks: 5.8 ± 10.6% for GM (n= 0.7 ± 1.2 motor units per participant) and 343 

7.5 ± 11.8% for GL (n=1.0 ± 2.0 motor units per participant). As this proportion is small, the 344 

following results are reported for the whole population of identified units, regardless of whether 345 

they could be matched between conditions. 346 

Average discharge rate 347 

The discharge rate of GM motor units was 11.6 ± 2.3 pps during knee flexion and 10.1 ± 1.5 348 

pps during ankle plantar flexion. The discharge rate of GL motor units was 10.8 ± 1.7 pps during 349 

knee flexion and 10.3 ± 1.8 pps during ankle plantar flexion. There was a significant effect of 350 

task (p < 0.001), but no effect of muscle (p = 0.388) nor task×muscle interaction (p = 0.0848). 351 

Specifically, the discharge rate was significantly higher during knee flexion compared to ankle 352 

plantar flexion, regardless of the muscle.  353 



 13 

Spatial localization of identified motor units 354 

The linear mixed effect model did not reveal a main effect of task (p = 0.820) or a muscle×task 355 

interaction (p=0.295) on the proximo-distal location of the identified motor units. Similar 356 

results were observed for the medio-lateral location of motor units, with no main effect of task 357 

(p = 0.399) or a muscle×task interaction (p = 0.120).  358 

Within- and between-muscle coherence 359 

For both the within-muscle coherence and the between-muscle coherence, we considered the 360 

mean coherence value over the delta band (0-5 Hz) as an index of the level of common synaptic 361 

input received by GM and GL. When considering the coherence within the GM muscle, we 362 

observed a significant z-score for 16 out of 18 participants during knee flexion and for all the 363 

participants (n=18) during ankle plantar flexion (Fig. 6). When considering the coherence 364 

within the GL muscle, we observed a significant z-score for four participants out of five during 365 

knee flexion and for all the participants (n=10) during ankle plantar flexion. This indicates that 366 

motor neurons innervating each muscle received a significant level of common synaptic inputs. 367 

Of note, the small number of participants considered for the GL muscle precluded any robust 368 

statistical analysis to test the effect of task/muscle; but this was not part of our main aims. 369 

A significant z-score was only observed for four and three participants (out of nine participants) 370 

during the knee flexion and ankle plantar flexion task, respectively (Fig. 7). This indicates that 371 

most of the participants did not exhibit a significant level of common synaptic input between 372 

motor neurons innervating the GM and GL muscles. The mean coherence value over the delta 373 

band (as a z-score) was not different between tasks (knee flexion: 1.7 ± 1.2, and ankle plantar 374 

flexion: 1.4 ± 1.3; p = 0.570). 375 

  376 
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Discussion 377 

We aimed to determine whether the neural control of GM and GL differs between their two 378 

main functions in the sagittal plane, i.e., isolated knee flexion and ankle plantar flexion. In 379 

accordance with our first hypothesis, we observed that the bias of activation towards GM, 380 

already reported during ankle plantar flexion (3, 12), persisted during knee flexion. The 381 

robustness of the GM and GL activation strategy across knee flexion and ankle plantar flexion 382 

was further confirmed by the analyses of the motor unit discharge rate and the spatial location 383 

of EMG amplitude and identified motor units. Contrary to our hypothesis, the level of common 384 

synaptic input between GM and GL remained relatively low during knee flexion, with no 385 

significant difference between the tasks. Overall, our results suggest that the neural control of 386 

the gastrocnemius muscles at a similar overall level of activation, is consistent across their two 387 

main functions. 388 

We observed a higher normalized EMG amplitude for GM compared to GL during ankle plantar 389 

flexion, with a GM/(GM+GL) ratio of 65.0 ± 10.0%, which is consistent with previous studies 390 

(68.8 ± 11.9% in Crouzier et al., 2019; 65.0 ± 13.2% in Crouzier et al., 2018). The current study 391 

extends this observation to knee flexion, during which this imbalance of activation persisted. 392 

Interestingly, the distribution of activation, assessed through the GM/(GM+GL) ratio, was 393 

correlated between tasks, providing further support for the existence of an individual muscle 394 

activation strategy, robust across time and tasks (3, 34). Even though the origin of this 395 

individual strategy is mostly unknown, preliminary evidence suggests that it could be explained 396 

by a neuromechanical coupling between the activation a muscle receives and its biomechanical 397 

characteristics (2, 4, 35). Specifically, previous studies reported a significant positive 398 

correlation between the distribution of activation across synergist muscles and their distribution 399 

of PCSA (2, 4). Considering that muscle PCSA provides an index of muscle force-generating 400 

capacity (36), this observation aligns particularly well with the theory that activation strategies 401 

are selected such that the sum of muscle stresses cubed is minimized (37). The consistency of 402 

the distribution of muscle activation that we observed between knee flexion and ankle plantar 403 

flexion may be explained by this coupling with the distribution of PCSA, which remained 404 

unchanged across tasks. 405 

To further probe the neural strategy, we confirmed our results with a more direct estimate of 406 

the neural drive sent to the muscles. To this end, we decomposed HDsEMG signals into  407 

individual motor units activity. The absence of significant muscle×task interaction confirms 408 

that the distribution of neural drive between muscles was not different between tasks. However, 409 
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we observed a significant effect of task, with a higher discharge rate during knee flexion 410 

compared to plantar flexion, regardless of the muscle. When interpreting this result, it is 411 

important to keep in mind that the time-varying profile of activation varied between tasks (Fig. 412 

5) with a gradual increase during knee flexion, accompanied by recruitment of motor units 413 

during the plateau of the torque profile. This led to higher peak discharge rates during knee 414 

flexion, which in turn could have biased the mean toward higher values. It is also possible that 415 

this difference in discharge rate is explained by the recruitment of different motor units  (with 416 

different intrinsic properties) between tasks. This result should be verified from matched motor 417 

units across tasks, which was impossible in our study, as discussed below. 418 

Previous studies have suggested that the regional activation of biarticular muscles may be task 419 

dependent (17, 18). This hypothesis was based on evidence showing task-dependent regional 420 

activation of the rectus femoris, as well as possible regional activation (38) and spatial 421 

localization of the motor unit within the GM (39). At first glance, our results seem in agreement 422 

with this hypothesis, with a significant proximal shift of EMG amplitude during knee flexion 423 

compared to ankle plantar flexion, regardless of the muscle. However, the difference was 424 

relatively small (1 mm) in comparison with the inter-electrode distance (8 mm), raising the 425 

question of the physiological meaningfulness of this shift in EMG amplitude. Given the lack of 426 

selectivity of global surface EMG (40), it is important to ensure that this small, albeit 427 

significant, shift was not induced by crosstalk from distant muscles, such as the monoarticular 428 

hip extensor muscles. Different gearing or fascicle shortening between knee flexion and ankle 429 

plantar flexion can also explain these small differences. Importantly, a similar analysis 430 

performed at the motor unit level did not confirm the existence of a significant shift, as observed 431 

from global surface EMG. Even though the number of identified motor units is relatively 432 

modest in regard to the total number of active units, such an analysis provides a more direct 433 

estimate of the spatial location of muscle activation. This result aligns with data obtained from 434 

direct recordings of motor unit activity made using fine-wire electrodes, where motor units 435 

recruited in knee flexion or in ankle plantar flexion were not localized in a specific muscle 436 

region (19). It is also in agreement with a study using high-density EMG which reported no 437 

task-related change in regional activation within the biarticular biceps brachii muscle (41). 438 

Moreover, the absence of regional activation is consistent with the high level of common 439 

synaptic input within each muscle that we observed, which likely limits the possibility of joint-440 

specific motor units recruitment. Taken together, our results suggest that, although regional 441 

activation within the GM has been previously observed (38, 39), the distribution of activation 442 
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between and within GM and GL is robust regardless of the main function for which they are 443 

used, i.e. knee flexion or ankle plantar flexion. 444 

In addition to the distribution of activation, understanding the control of synergist muscles 445 

requires knowledge of the level of common synaptic input received by their motor units. To 446 

explore this, we calculated the coherence between cumulative spike trains within each muscle 447 

and between muscles. In accordance with recent work (8, 9), we observed an absence of 448 

significant coherence between GM and GL motor units for most of the participants during ankle 449 

plantar flexion, which is interpreted as the presence of little, if any, common input. Of note, 450 

when the coherence exceeded the significant threshold in some participants, its amplitude was 451 

relatively modest when compared to other muscle pairs such as the VL and VM (1, 25). It is 452 

thought that this low level of common synaptic input is required to dissociate GM and GL 453 

activation to comply with secondary roles such as modulation of the ankle moment in the frontal 454 

plane (8). Because such a secondary role is likely not required for knee flexion, we hypothesized 455 

that the level of common synaptic input would be higher in knee flexion compared to ankle 456 

plantar flexion. However, this was not observed which is consistent with recent results showing 457 

a consistent low level of common synaptic input to motor neurons innervating the GM and GL 458 

muscles across ankle plantar flexion tasks performed at different ankle angles (42). Together, 459 

this suggests that the nervous system has a limited ability to modify the level of common 460 

synaptic input to motor neurons across tasks, even when such a change would reduce the 461 

dimensions to be controlled independently. Nevertheless, it is important to consider that the 462 

between-muscle coherence has been calculated on a relatively small number of participants. 463 

In this study, we also attempted to determine whether the same motor units were activated 464 

between knee flexion and ankle plantar flexion. Given that the activation level was matched 465 

between tasks, and based on the size principle (43), one would expect that the same units were 466 

active during both tasks. However, our approach was able to track only a small proportion of 467 

units between tasks (< 8%). There are three potential explanations. First, even though we 468 

matched the mean gastrocnemius activation level across tasks, small (~2%) inevitable 469 

differences were observed, which could have led to the recruitment of different motor units 470 

across tasks. However, given the small differences in activation between tasks, only a very 471 

small proportion of units would have differed across tasks. Second, the small number of tracked 472 

units may be explained by limitations of our approach to track motor units. However, this 473 

approach was used in previous studies whereby motor units were matched across days (32, 44). 474 

For instance, at 30% of knee extension MVC, more than 40% of the motor units from the VL 475 
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and VM muscles were matched between days (32). Despite the lower leg position remaining 476 

similar between tasks, we cannot rule out the possibility that the muscles moved with respect 477 

to the EMG grids, for example, owing to complex force transmission processes with other 478 

synergist muscles such as the soleus. However, it is unlikely that it substantially affected the 479 

relative muscles’ position. This is confirmed by the absence of change in the barycenter of 480 

motor unit action potentials across tasks. Thus, we believe that our experimental procedures 481 

provided the ideal conditions to track motor units across tasks. To be sure that we did not fail 482 

to identify motor units, we performed a supplementary matching round with a lower threshold 483 

(0.60). Even with this lower threshold, the proportion of matched motor units remained low; 484 

i.e. 16.8 ± 11.0% for the GM and 13.5 ± 13.2% for the GL. In addition, we used a secondary 485 

analysis whereby we reapplied the motor unit filters obtained in one task to the other task (45). 486 

The use of this approach led to very similar results, that is, motor units that were successfully 487 

tracked across tasks were also identified by application of the motor unit filter, but motor units 488 

that were not tracked across tasks could not be identified by the application of the motor unit 489 

filter. Finally, even though we cannot rule out that the small proportion of tracked motor units 490 

is explained by methodological limitations, it remains possible that different motor units were 491 

recruited in knee flexion and in ankle plantar flexion. Using a more direct approach, a previous 492 

study observed that over the population of GM motor units identified from fine-wire EMG 493 

during knee flexion and ankle plantar flexion tasks, only 41% were recruited during both tasks 494 

(19). This echoes previous work which challenges Heneman’s size principle by reporting 495 

divergent recruitment orders across motor neurons innervating the same muscle (46–48). This 496 

is also consistent with a recently proposed framework whereby motor units are grouped into 497 

functional clusters such that motor units from the same pool (muscle) can receive different 498 

common inputs (49). However, given the methodological limitations mentioned above, further 499 

studies are needed to explore whether different motor units are recruited during knee flexion 500 

and ankle plantar flexion. 501 

In conclusion, our results demonstrate that the within- and between-muscle distribution of 502 

activation is robust regardless of the function for which the GM and GL muscles are used, that 503 

is, knee flexion or ankle plantar flexion. Specifically, the GM muscle was activated at a higher 504 

level than the GL muscle during submaximal contractions, regardless of the task. Even though 505 

this strategy leads to a force imbalance between these muscles, it likely contributes to minimize 506 

the overall muscle stress, a well-established motor control strategy. Although the presence of 507 

strong common input between GM and GL motor units would serve to reduce the computational 508 
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load associated with the control of these muscles, it was not observed. This low level of 509 

common input could allow GM and GL to be independently controlled during ankle plantar 510 

flexion to comply with secondary goals, such as producing opposing ankle moments in the 511 

frontal plane. However, the functional benefit of a low level of common input in knee flexion 512 

remains unclear.   513 
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Figures legends 533 

 534 

Figure 1: HDsEMG electrode location, regional activation estimation and motor units matching. 535 

Panel A depicts the location of the grids of electrodes over the gastrocnemius medialis and 536 

gastrocnemius lateralis muscles. Panel B depicts an individual example of the distribution of GM EMG 537 

amplitude over the grid of electrodes for both knee flexion and ankle plantar flexion. Panel C depicts an 538 

individual example of the distribution of the motor unit action potentials over the grid of electrodes 539 

during knee flexion (black) and ankle plantar flexion (red). In this specific example, the same motor unit 540 

was identified during both tasks, which was only possible for 5.1 ± 7.8% of the GM motor units and 7.5 541 

± 11.8% of the GM motor units and. GM, gastrocnemius medialis; GL, gastrocnemius lateralis; ARV, 542 

average and rectified EMG. 543 

 544 

Figure 2: Average gastrocnemius activation during the matched submaximal knee flexion and 545 

ankle plantar flexion. The EMG amplitude was estimated during the submaximal torque plateaus. 546 

EMG was normalized to the maximal EMG value during maximal isometric voluntary contractions. 547 

Each color represents a participant, with the mean shown in black. The individual data points are 548 

displaced along the x axis for visual purposes. A paired t-test revealed that the mean GM-GL EMG was 549 

not different between knee flexion and ankle plantar flexion (p = 0.061). n = 21. 550 

 551 

Figure 3: GM and GL EMG amplitude measured during submaximal knee flexion and ankle 552 

plantar flexion. The EMG amplitude was estimated using the average and rectified value of the EMG 553 

during the submaximal torque plateau. EMG was normalized to the maximal isometric voluntary 554 

contraction. Each color represents a participant, with the mean shown in black. The individual data 555 

points are displaced along the abscissa axis for a visual purpose. The linear mixed effect model revealed 556 

that GM EMG was higher than GL EMG (p < 0.001), but there was no main effect of task (p = 0.294) 557 

nor muscle×task interaction (p = 0.250). GM: Gastrocnemius medialis; GL: Gastrocnemius lateralis. n 558 

= 21. 559 

 560 

Figure 4: Relationship between the distribution of activation during knee flexion and the 561 

distribution of activation during ankle plantar flexion. The distribution of activation was estimated 562 

using the GM/(GM+GL) ratio of activation. The dashed line corresponds to the x=y equation. Each 563 

datapoint represents a participant. The Pearson correlation coefficient was statistically significant (R = 564 

0.604; p = 0.004). GM: Gastrocnemius medialis; GL: Gastrocnemius lateralis. n = 21. 565 

 566 

Figure 5: GM and GL EMG patterns during knee flexion (left panel) and ankle plantar flexion 567 

(right panel) for one representative participant. Y axis displays both the EMG amplitude (% of 568 
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EMGmax) and the torque (% of task-specific peak torque). Even though GM and GL EMG amplitude 569 

was relatively constant during the plateau for ankle plantar flexion, GM and GL EMG amplitude 570 

increased over the torque plateau for knee flexion in most of the participants. GM: Gastrocnemius 571 

medialis; GL: Gastrocnemius lateralis.  572 

 573 

Figure 6: Within-muscle coherence during knee flexion and ankle plantar flexion. The right and 574 

left panels represent the within-muscle coherence for the GM and GL, respectively. Each panel depicts 575 

the average z-score value between 0 and 5 Hz for each participant for the two tasks. Each color 576 

corresponds to one participant. The red horizontal dashed line indicates the significant threshold, which 577 

is set at 1.65 (95% confidence limit). The mean group is depicted in black. n=18 for the GM. n=5 and 578 

n=10 for the GL during knee flexion and ankle plantar flexion, respectively. 579 

 580 

Figure 7: Between-muscle coherence during knee flexion and ankle plantar flexion. The left and 581 

middle panels represent the z-scores between 0 and 50 Hz during knee flexion and ankle plantar flexion 582 

respectively for each participant. The magnified inset depicts the z-score between 0 and 5 Hz. The right 583 

panel represents the average z-score value between 0 and 5 Hz for each participant for the two tasks. 584 

Each color corresponds to one participant. The red horizontal dashed line indicates the significant 585 

threshold, which is set at 1.65 (95% confidence limit). Within the right panel, the mean group is depicted 586 

in black. The two-tailed paired t-test revealed no difference in the z-score between knee flexion and 587 

ankle plantar flexion (p = 0.570), n=9. 588 

 589 

 590 

 591 

  592 
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