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ABSTRACT 31 

 32 

Recent studies combining high-density surface electromyography (HD-sEMG) and 33 

ultrasound imaging have yielded valuable insights into the relationship between 34 

motor unit activity and muscle contractile properties. However, limited evidence 35 

exists on the relationship between motor unit firing properties and tendon morpho-36 

mechanical properties. This study aimed to determine the relationship between 37 

triceps surae motor unit firing properties and the morpho-mechanical properties of 38 

the Achilles tendon (AT). Motor unit firing properties (i.e. mean discharge rate (DR) 39 

and coefficient of variation of the interspike interval (COVisi)) and motor unit firing-40 

torque relationships (cross-correlation between cumulative spike train (CST) and 41 

torque, and the delay between motor unit firing and torque production 42 

(neuromechanical delay)) of the medial gastrocnemius (MG), lateral gastrocnemius 43 

(LG), and soleus (SO) muscles were assessed using HD-sEMG during isometric 44 

plantarflexion contractions at 10% and 40% of maximal voluntary contraction (MVC). 45 

The morpho-mechanical properties of the AT (i.e. length, thickness, cross-sectional 46 

area and resting stiffness) were determined using B-mode ultrasonography and 47 

shear-wave elastography. Multiple linear regression analysis showed that at 10% 48 

MVC, the DR of the triceps surae muscles explained 41.7% of the variance in resting 49 

AT stiffness. Additionally, at 10% MVC, COVisi SO predicted 30.4% of the variance in 50 

AT length. At 40% MVC, COVisi MG and COVisi SO explained 48.7% of the variance 51 

in AT length. Motor unit-torque relationships were not associated with any morpho-52 

mechanical parameter. This study provides novel evidence of a contraction-intensity 53 

dependent relationship between motor unit firing parameters of the triceps surae 54 

muscle and the morpho-mechanical properties of the AT.  55 

 56 

New & Noteworthy: By employing HD-sEMG, conventional B-mode 57 

ultrasonography, and shear-wave elastography, we showed that the resting stiffness 58 

of the Achilles tendon is related to mean discharge rate of triceps surae motor units 59 

during low-force isometric plantarflexion contractions, providing relevant information 60 

about the complex interaction between rate coding and the muscle-tendon unit. 61 

Keywords: HD-sEMG; motor unit; morphological properties, mechanical properties, 62 

Achilles tendon. ABSTRACT WORD COUNT: 250 63 

 64 



INTRODUCTION 65 

 66 

 Human movement emerges from the interplay between descending 67 

output from the central nervous system (CNS), sensory input from the body and 68 

environment, muscle dynamics and whole-body dynamics (1). Thus, the CNS plans 69 

and sends motor commands to the muscle fibers via motoneurons (2) that translate 70 

these neural commands into forces (3), which are then transmitted via connective 71 

tissue to the skeletal system to generate movement (4). Within this framework, the 72 

muscle-tendon unit can be considered as a functional component of human 73 

movement capable of working as a motor, damper, and spring to exert, dissipate or 74 

store, and release energy (5, 6). These complex functions are possible by serial and 75 

parallel coupling of active force-generating tissues and passive force-transmitting 76 

tissues and by using the ability to shift energy between active and passive 77 

components (7). Passive elastic components include tendons and aponeurosis 78 

which transmit force in series with the active force generated by the muscle’s fibers 79 

(8). It has been long recognized that the ability of a muscle to control the length 80 

changes of its fibers relative to the stretching of its tendon during a contraction is 81 

influenced by its architecture and the physiological characteristics of its fibers (8). 82 

However, the interplay between neural modulation of the muscle and the morpho-83 

mechanical properties of the tendon has received less attention.  84 

 85 

 In human locomotion, elastic energy, defined as the potential energy stored 86 

within the elastic tissues of the muscle-tendon units, is efficiently stored and released 87 

in the lower limb during the contact and push-off phase, respectively (9, 10). 88 

However, this adaptability requires that the amount of elastic energy stored should 89 

be modulated by muscular contraction (9). Based on this, several studies have used 90 

the triceps surae muscle to investigate how elastic energy can be stored and 91 

released efficiently (11, 12). The triceps surae plays a crucial role in human 92 

plantarflexion, which is primarily accomplished by the medial gastrocnemius (MG), 93 

lateral gastrocnemius (LG) and soleus (SO) muscles (13). Despite being agonist 94 

muscles that share the same common distal tendon, these muscles have 95 

anatomical, neurophysiological, and functional differences suggesting diverse 96 

functional roles (13). These functional roles are associated with distinctive motor unit 97 

firing rate properties between muscles during different tasks (13, 14). In parallel, the 98 



Achilles tendon (AT) has been investigated extensively due to its critical role in lower 99 

limb biomechanics (7, 15). The AT is the largest, thickest, and strongest tendon of 100 

the human body (16-18), and it transmits forces generated by the strongest ankle 101 

plantar flexors (19). This muscle-tendon complex crosses and acts on the knee, 102 

ankle, and subtalar joints (17). Studies investigating the features of the AT include 103 

morphological properties (i.e., length, thickness, cross-sectional area (CSA) and 104 

width) (20, 21), and mechanical characteristics (i.e., Young’s modulus, stress, strain, 105 

hysteresis and tensile rupture stress) (10, 20) or both. In vivo methodologies to 106 

determine the mechanical properties of the AT are becoming more frequently used 107 

due to their ability to assess the mechanical behavior of the AT during various 108 

activities (22-25). During the past few years, shear-wave elastography (SWE) has 109 

been increasingly used to study the mechanical properties of tendons (26). SWE has 110 

the advantage of being able to measure the speed of shear stress wave propagation, 111 

allowing the calculation of the Young’s modulus (i.e. tendon stiffness) (27).  112 

 113 

Recent studies combining ultrasound imaging and electromyography 114 

techniques have assessed the mechanisms responsible for converting neural activity 115 

into muscle contractions (28-30). These techniques have provided a more 116 

comprehensive description of the events underlying the generation of muscle force 117 

(31). For instance, they have revealed the relationship between muscle activation 118 

and fascicle length during different postural conditions (30); the spatiotemporal 119 

associations between electrical and mechanical properties of active motor units (31), 120 

or the relationship between motor unit firing properties, fascicle length and torque 121 

(32). However, there is limited evidence of the relationship between motor unit firing 122 

properties and the morpho-mechanical properties of tendons. Studies investigating 123 

the effect of static-stretch interventions on the triceps surae have shed light on this 124 

relationship (33-35). For example, Mazzo et al.(35) have shown that after a static-125 

stretch intervention on the triceps surae, there is an increase in motor unit discharge 126 

rate and a decrease in motor unit recruitment threshold at low forces (10% of the 127 

maximum). Furthermore, Trajano et al. (34) found similar increases in soleus muscle 128 

discharge rate at low forces following calf-muscle stretching. It is possible that 129 

stretching-induced changes in the morpho-mechanical properties of the AT were 130 

related to changes in the motor unit discharge rate of the triceps surae muscles, 131 

however, this was not assessed in those studies.  132 



We aimed to determine the relationship between triceps surae motor unit 133 

firing properties (i.e., mean discharge rate (DR) and discharge rate variability 134 

(estimated by the coefficient of variation of the interspike interval (COVisi)) and the 135 

morpho-mechanical properties of the AT. In addition, we assessed motor unit firing-136 

torque relationships (i.e., cross-correlation coefficient between cumulative spike train 137 

(CST) and torque, and neuromechanical delay (NMD)) and their association with 138 

morpho-mechanical properties of the AT. We assessed which triceps surae motor 139 

unit discharge properties or motor unit firing-torque relationships would explain most 140 

of the variance in tendon length, thickness, CSA, and the estimated resting stiffness 141 

via multiple regression analysis. Since force generation is the result of the 142 

relationship between the neural drive received by muscles (i.e., motor unit firing rate 143 

and recruitment) and muscle-tendon unit behavior, we hypothesized that there is a 144 

relationship between DR and the mechanical properties of the AT; thus, we expect 145 

that individuals with greater resting AT stiffness will show lower DR. 146 

 147 

MATERIALS AND METHODS 148 

 149 

Participants 150 

Twenty-five healthy (17 males, 8 females, 28.60 ± 3.92 years, 74.00 ± 11.57 151 

kg, 171.10 ± 9.22 cm) participants were recruited from the University of Birmingham 152 

staff/student population and the local community via leaflets, e-mail, and social 153 

media. Men or women aged 18 to 55 years old were recruited; this age-range was 154 

selected to minimize ageing-related changes of the tendon, since previous studies 155 

have found lower stiffness and Young’s modulus of the AT in older than younger 156 

populations (36). Inclusion criteria include confirmation of a healthy AT determined 157 

by an experienced physiotherapist through physical examination and ultrasound 158 

imaging. Ultrasound imaging included assessing normal tendon thickness (no focal 159 

or diffuse thickening) and echoic pattern (no focal hypoechoic and hyperechoic areas 160 

within the tendon) (37). Exclusion criteria included the following: (1) systemic or 161 

inflammatory conditions including rheumatic, neuromuscular disorders, and 162 

malignancy, (2) current or previous history of chronic respiratory, neurological, or 163 

cardiovascular diseases, (3) history of Achilles tendinopathy or lower limb surgery, 164 

and (4) pain/injury in the lower limbs within the previous 6 months.  165 



Study design 166 

 This cross-sectional study was conducted from October 2021 to December 167 

2022 at a laboratory within the Centre of Precision Rehabilitation for Spinal Pain 168 

(CPR Spine), University of Birmingham, UK. The Science, Technology, Engineering 169 

and Mathematics Ethical Review Committee, University of Birmingham, UK, 170 

approved the study (ERN_20-0604A). The study was conducted according to the 171 

Declaration of Helsinki and all participants provided written informed consent prior to 172 

participation. The guideline for Strengthening the Reporting of Observational Studies 173 

in Epidemiology (STROBE) was used to facilitate reporting (38).  174 

 Participants visited the laboratory once for the experimental session (2.5 175 

hours) and were asked to avoid any strenuous physical activity 24 hours before 176 

testing. The assessed leg was randomized across participants. A subgroup of 177 

participants (3 males, 3 females, 27.17 ± 4.49 years, 68.42 ± 7.17 kg, 167.33 ± 7.22 178 

cm) visited the laboratory twice (one week apart) to confirm the intra-tester reliability 179 

of b-mode ultrasound and SWE measurements. During this period, participants were 180 

instructed to maintain their level of physical activity and avoid any strenuous physical 181 

activity 24 hours before testing.  182 

 183 

Experimental setup and tasks 184 

 Experimental sessions included physical examination, ultrasonography of the 185 

AT, high-density surface electromyography (HD-sEMG) of the triceps surae muscles 186 

and torque recordings. A representation of the experimental setup is shown in 187 

Figure 1.  188 



Figure 1. Representation of the experimental setup. The participant is shown in a prone position on 
an isokinetic dynamometer, with the right foot secured to the ankle attachment. Three electrode grids 
are placed on the triceps surae muscles and connected to the signal amplifier. A researcher is 
indicating the visual feedback that the participant must follow during the isometric plantarflexion 
contraction assessments. Additionally, the ultrasound equipment used to assess tendon properties is 
visible in the illustration.  

 

 Anthropometric data (age, gender, weight, height and foot dominance) was 189 

obtained. Foot preference in specific daily activities (foot dominance) was 190 

determined using a behavioral foot-preference inventory (39). Participants lay prone 191 

on the chair of a Biodex System 3 dynamometer (Biodex Medical System), with their 192 

knees extended and their tested foot tightly strapped on the footplate. The pelvis was 193 

stabilized with another strap to minimize compensatory movements and the ankle 194 

was positioned in 0° of plantarflexion with the dynamometer axis aligned with the 195 

inferior tip of the lateral malleolus (40). Ultrasonography (LOGIQ S8 GE Healthcare, 196 

Milwaukee, USA) was used to confirm the normal structure of the AT. Then, the AT 197 

length, thickness, and cross-sectional area were determined during rest (see 198 

procedure below). After, the skin was cleaned and prepared, and the electrodes 199 

were placed on the MG, LG, and SO muscles (see details below). Following the 200 

placement of the electrodes, we performed passive elastography assessments. HD-201 



sEMG was used to confirm that the muscles were not active during these 202 

measurements as this could influence the estimation of stiffness.  203 

Next, participants performed a warm-up protocol consisting of 3 isometric 204 

plantarflexion contractions at their perceived 30% maximal voluntary force for 5 205 

seconds with 30 seconds rest between the contractions. Then, the maximal 206 

voluntary contraction (MVC) was determined during three isometric plantarflexion 207 

contractions (5 seconds each and 2 minutes of rest between contractions) (41) at 0° 208 

of plantarflexion. The highest MVC value was used as the reference maximal torque. 209 

After 5 minutes rest, participants performed two familiarization trials at 10% and 40% 210 

MVC in random order. Following, we measured the activity of the MG, LG, and SO 211 

muscles during two isometric plantarflexion contractions at 10%, and 40% MVC 212 

(10% MVC/s ramp-up, 10 s hold, 10% MVC/s ramp-down and 30 s rest) with HD-213 

sEMG. The order of the contractions at different target torque levels was randomized 214 

using a randomization app (Randomizer) and visual feedback of the target output 215 

was provided via a computer monitor positioned 1 m from the participant. A study 216 

schematic describing the experimental session is shown in Figure 2.  217 

218 
Figure 2. Schematic of the experimental procedure. The order of the contractions performed at each 219 
target torque (10% and 40% MVC) was randomized. MVC, maximal voluntary contraction. 220 

 221 

 222 



Ultrasonography 223 

All ultrasound images were obtained using an ultrasound imaging device 224 

equipped with SWE (LOGIQ S8 GE Healthcare, Milwaukee, USA). All morphological 225 

tendon variables (tendon thickness, length and cross-sectional area) were recorded 226 

in B-mode with a 16-linear array probe (50 mm, 4-15 MHz). SWE was recorded in 227 

elastography mode with a 9-linear array probe (44 mm, 2-8 MHz). 228 

An adaptation of the protocol developed by Arya and Kulig (42) was used to 229 

measure the morphological properties of the AT. Briefly, the ultrasound probe was 230 

placed longitudinally over the posterior aspect of the heel, and the calcaneal notch 231 

was identified. Then, a fine wire (3.2 x 40 mm) was used under the probe to create 232 

an artifact in the ultrasound image. The wire was then aligned with the distal part of 233 

the tendon and the corresponding point was marked on the skin with a marker. Then, 234 

the ultrasound probe was moved proximally to locate the musculotendinous junction 235 

of the MG, and again, a fine wire was used to create an artifact in the ultrasound 236 

image. The wire was aligned with the musculotendinous junction of the MG and the 237 

corresponding point was marked on the skin. The distance between these two points 238 

represented the resting length of the AT. Subsequently, marks were made at 2, 4 239 

and 6 cm above the AT’s insertion, these marks were used as reference to place the 240 

middle part of the ultrasound probe in the sagittal plane to determine the thickness of 241 

the AT at 2, 4 and 6 cm of its insertion, and 3 ultrasound images were taken for each 242 

mark. Similarly, we used these marks to locate the probe in the transversal plane 243 

and obtain the cross-sectional area at 2, 4 and 6 cm of the AT’s insertion, and again 244 

three ultrasound images were taken for each mark.  245 

For the HD-sEMG electrode grids placement, a tape and marker were used to 246 

draw a line following the direction of the AT, indicating the mid-line of the posterior 247 

leg. For the MG HD-sEMG electrode grid placement, a mark was made 10 cm above 248 

the distal musculotendinous junction and 4 cm medial to the mid-line. Similarly, for 249 

the LG HD-sEMG electrode grid placement, the leg was marked 10 cm above the 250 

distal musculotendinous junction and 4 cm lateral to the mid-line. Likewise, for the 251 

SO HD-sEMG electrode grid placement, the leg was marked 5 cm below the distal 252 

musculotendinous junction and 4 cm lateral to the mid-line. The central electrodes of 253 

the HD-sEMG grids (electrode in row 7 and column 3) were placed on top of all 254 



these marks. A representation of the anatomical landmarks used for ultrasonography 255 

and electrode placement is shown in Figure 3.  256 

For the SWE measurements, the ultrasound probe was placed in the sagittal 257 

plane, with the middle part of the probe located at 4 cm above the AT’s insertion. 258 

Additionally, a probe holder was used to avoid applying pressure over the tendon 259 

and introducing movements that may interfere with the measurements. A test SWE 260 

measurement was done to check for possible voids in the estimation and if voids 261 

were detected, the ultrasound probe was removed, ultrasound gel was added, and 262 

the ultrasound probe was placed again. Passive elastography images were acquired 263 

during 12 s (twice). Due to the equipment features, a SWE image was obtained 264 

every 2.4 s, thus, in order to obtain at least 4 SWE images, the elastography 265 

measurements lasted 12 s. Elastography images were checked following each 266 

measurement to determine possible voids that may have affected our results.  267 

 
Figure 3. (A) Representation of the anatomical landmarks used for ultrasonography and (B) position 268 
of the HD-sEMG grids in the MG, LG, and SO muscles. MG, medial gastrocnemius; LG, lateral 269 
gastrocnemius; SO, soleus. 270 

 271 

 272 

 273 



Intra-rater/inter-session reliability of the ultrasonography measurements 274 

 Due to the very low to moderate reliability of the SWE results reported in a 275 

recent systematic review (43), we performed an intra-rater/inter-session reliability 276 

analysis of the AT stiffness to check the consistency of these measures. Additionally, 277 

we performed an intra-rater/inter-session reliability analysis of the AT morphological 278 

properties. Briefly, a group of six participants came to the laboratory for a second 279 

experimental session one week apart. Following an identical protocol, the same 280 

researcher (ICH) did the SWE measurements on both occasions.  281 

 282 

HD-sEMG and torque recordings 283 

HD-sEMG signals were recorded from the MG, LG and SO muscles using 284 

three two-dimensional (2D) adhesive grids (OT Bioelettronica, Italy) of 13 x 5 equally 285 

spaced electrodes (each of 1 mm diameter, with an inter-electrode distance of 8 mm) 286 

placed in the position described above. The HD-sEMG grid was prepared by 287 

attaching a double-side adhesive foam to the grid surface (SPES Medica, Genova, 288 

Italy) and by filling the grid cavities with conductive paste which provided adequate 289 

electrode-skin contact (AC-CREAM, SPES Medica, Genova, Italy). Additionally, 290 

participants’ skin was shaved (if necessary), gently abraded (Nuprep, Skin Prep Gel, 291 

Weaver and Company, Aurora, Colorado) and cleaned with water.  292 

All signals were converted from analog-to-digital by a 16-bit analogue-digital 293 

converter (Quattrocento- OT Bioelecttronica, Torino, Italy). Signals were amplified by 294 

a factor of 150, sampled at 2048 Hz, and filtered with a band-pass filter (bandwidth: 295 

10-500 Hz, first order, -3 dB) (44). HD-sEMG signals were acquired in monopolar 296 

mode with ground electrodes (WhiteSensor WS, Ambu A/S, Ballerup, Denmark) 297 

positioned in the head of the fibula and with a wet strap in the thigh of the evaluated 298 

leg. All the grids and ground electrodes were connected to the same bioelectrical 299 

amplifier (Quattrocento-OT-Bioelecttronica, Torino, Italy). The torque exerted by the 300 

participants was assessed with a Biodex System 3 dynamometer (Biodex Medical 301 

System), which was synchronized with the HD-sEMG signals through the auxiliary 302 

input of the EMG amplifier (44). 303 

 304 



Image analysis  305 

Ultrasound images analysis. After acquiring the ultrasound images, a 306 

reference of 1 cm was drawn using the ultrasound tools. Then, the software ImageJ 307 

(http://imagej.nih.gov/ij) was used to determine the AT thickness at 2, 4, and 6 cm 308 

from its insertion. Briefly, the reference was measured with the ImageJ tools, 309 

converted into pixels, and set as scale. Then, the length of the image was 310 

determined, and the middle point marked on the image. Next, the distance between 311 

the superficial and deep part of the paratenon was measured. After, the thickness at 312 

2, 4, and 6 cm was averaged to obtain the AT thickness. Conversely, ultrasound 313 

tools were used to determine the CSA of the AT at 2, 4, and 6 cm of its insertion. A 314 

discontinuous line was drawn following the internal part of the paratenon as a 315 

reference and the CSA was measured. Then, the CSA at 2, 4, and 6 cm was 316 

averaged to obtain the AT CSA.  317 

For the SWE measurements, we obtained approximately 4 SWE color maps 318 

(height x width, 2.5 cm x 1 cm) which were selected using the elastography 319 

ultrasound tools to allow a better visualization of the AT. A region of interest (ROI) of 320 

3 mm diameter (45) was selected and located in the middle of the tendon at 4 cm 321 

from its insertion to determine the stiffness (kPa). Lastly, mean stiffness was 322 

calculated over the ROIs of the 4 consecutive images recorded (46). 323 

 324 

HD-sEMG signal analysis 325 

Torque signal analysis. The highest peak torque exerted during the MVCs (SI: 326 

Newton-meters) was used as a measure of maximal plantarflexion strength for each 327 

participant (47). The torque signal was low pass filtered at 15 Hz and then used to 328 

quantify the torque steadiness (coefficient of variation of torque, SD torque/mean 329 

torque * 100) from the steady phase of the contractions (48). A custom-made 330 

MATLAB script was used to plot the torque exerted by each participant, visually 331 

identify the steady phase (approximately of 10 s) of the contraction, and select the 332 

starting and ending point of the time window needed for the analysis (47).  333 

Motor unit analysis. The HD-sEMG signals recorded during the isometric 334 

plantarflexion contractions (10% and 40% MVC) were visually inspected using a 335 



custom script created in MATLAB, and the channels with excessive noise were 336 

removed (< 5% channels removed). Then, HD-sEMG signals were decomposed into 337 

motor unit spike trains with an algorithm based on blind source separation, which 338 

provides automatic identification of multiple single motor units (32). Each identified 339 

motor unit was assessed for decomposition accuracy with a validated metric 340 

(Silhouette, SIL) that represents the accuracy of the decomposed spike train (32), 341 

which was set to > 0.90 (49). SIL is a normalized measure of the relative height of 342 

the peaks of the decomposed spike trains with respect to the baseline noise (32). 343 

The signals were decomposed throughout the whole duration of the submaximal 344 

contractions, and the discharge times of the identified motor units were converted 345 

into binary spike trains (41). 346 

 Discharge times were inspected and edited using a custom-made MATLAB 347 

script. Missing pulses producing non-physiological firing rates (i.e., inter-spike 348 

intervals > 250 ms) were manually and iteratively excluded, and the pulse train was 349 

re-calculated. Additionally, in cases where the algorithm incorrectly assigned two or 350 

three pulses for only a single firing, the operator removed this erroneous firing, and 351 

the final pulse trains were re-estimated (32). Finally, the mean DR and COVisi were 352 

calculated during the steady phase of the torque signal (10 s duration). All single 353 

motor unit data was recorded, analyzed and reported according to the consensus for 354 

experimental design in electromyography: single motor unit matrix (50).  355 

Motor unit recruitment threshold matching. Motor unit recruitment threshold  356 

was defined as the plantarflexor torque (%MVC) at the time when the motor units 357 

began firing action potentials (48). MG, LG, and SO motor units were matched by 358 

their recruitment threshold with a tolerance of ± 1% MVC. The matched motor units 359 

were then grouped into two groups according to their recruitment thresholds (0-10% 360 

MVC and 10-40% MVC) (41), in order to avoid between-muscle differences in 361 

recruitment threshold affecting DR and COVisi results, due to potential identification 362 

of different populations (low vs high-threshold) of motor units across muscles. 363 

Cross-correlation coefficient and Neuromechanical delay. Neuromechanical 364 

interactions between motor unit rate coding and force generation were determined 365 

using cross-correlation to assess similarities and delays between fluctuations in 366 

motor unit firing activity and torque. Delays between the motor unit firing activity and 367 



torque were used as a measure of the NMD. Motor unit discharge times obtained 368 

were summed to generate a CST that represents the cumulative activity of multiple 369 

motor units (32). The signals obtained from CST and torque were smoothed by low-370 

pass filtering (4th order zero-phase Butterworth, 2 Hz) and then high-pass filtering (4th 371 

order zero-phase Butterworth, 0.75 Hz) as presented previously (51). Then, filtered 372 

CST signals were cross-correlated with torque to determine the similarities in their 373 

fluctuations (cross-correlation coefficient) and to obtain the NMD (calculated from the 374 

lags found from the cross-correlation function) (32). The cross-correlation coefficient 375 

between signals was computed in 5-s segments with 50% overlap (32). The average 376 

cross-correlation coefficient and NMD obtained from these segments was reported. 377 

 378 

Statistical analysis 379 

Descriptive statistics were used to report the data which are presented as 380 

mean ± SD, unless otherwise stated. The Shapiro-Wilk test was used to assess data 381 

normality. Sphericity was assessed by Mauchly test, and if violated, the Greenhouse-382 

Geisser correction was applied to the degrees of freedom. The level of significance 383 

for all statistical procedures was set at P<0.05 and 95% confidence interval (CI) were 384 

reported. First, the intra-rater/inter-session reliability for the morpho-mechanical 385 

properties of the AT was assessed.  Intraclass Correlation Coefficient (ICC), a 386 

measure of relative reliability, was calculated using a two-way mixed effects model 387 

with absolute agreement. The following criteria were used to determine reliability: 388 

<0.5 poor, 0.5 – 0.75 moderate, 0.75 -0.9 good, and >0.9 excellent (52). Additionally, 389 

the standard error of the measurement (SEM) was included as a measure of 390 

absolute reliability. The SEM represents differences in measurements units, 391 

considering both the inter-variation within individuals and the variability of the 392 

measurement (53), and was obtained from the residual error of a within-subject 393 

analysis of variance (ANOVA).   394 

DR and COVisi variables were compared between muscles at each torque 395 

level with a linear mixed model analysis with factors muscle (MG, LG, and SO) and 396 

torque (10% and 40%) as fixed effects, and participants as random effect. Cross-397 

correlation coefficients and NMD were compared between muscles and all muscles 398 

combined (ALL) at each torque level with a linear mixed model with factors muscle 399 

(MG, LG, SO, and ALL) and torque (10% and 40% MVC) as fixed effects, and 400 



participants as random effect. For each participant, the DR and COVisi parameters of 401 

individual matched motor units were averaged between the two isometric 402 

contractions at each torque level for each muscle. These averaged values were then 403 

used in the linear mixed model. Similarly, cross-correlation coefficients greater than 404 

0.4 and their corresponding NMD values were averaged between the two isometric 405 

contractions at each torque level for each muscle and all muscles combined, 406 

resulting in single values that were used in the linear mixed model. We included only 407 

muscles/individuals with CST-torque cross-correlation coefficients higher than 0.4 408 

into the analysis, as we observed that cross-correlation coefficients <0.4 provided 409 

inaccurate delay/lag (NMD) values (i.e., negative delays). When the linear mixed 410 

model was significant, pairwise comparisons were performed with Tuckey post hoc 411 

analysis.  412 

A multiple linear regression (stepwise) analysis was performed on the motor 413 

unit and motor unit firing-torque relationships parameters to identify the variables that 414 

predicted changes in morphological and mechanical variables of the AT. Therefore, 415 

morphological and mechanical AT properties (length, thickness, CSA, and stiffness) 416 

were used as dependent variables and motor unit parameters (DR and COVisi) and 417 

motor unit firing-torque relationships parameters (cross-correlation coefficient 418 

between CST and torque, and NMD) were regarded as independent variables. 419 

Additionally, a multiple linear regression (stepwise) analysis was performed on the 420 

motor unit and motor unit firing-torque relationships parameters to identify the 421 

variables that predicted changes in torque steadiness. Consequently, torque 422 

steadiness was used as a dependent variable and motor unit and motor unit firing-423 

torque relationships parameters were regarded as independent variables. 424 

IBM SPSS Statistics software, V. 29.0 (Armonk, New York, USA) and 425 

GraphPad Prism software V.8.0.2 (San Diego, California, USA) were used for 426 

statistical analysis of the data. 427 

 428 

 429 

 430 

 431 



 432 

RESULTS 433 

Intra-rater/Inter-session reliability 434 

Intra-rater/Inter-session reliability analysis revealed excellent reliability for 435 

length and thickness (ICC: 0.99 and 0.99), good reliability for stiffness (ICC: 0.90) 436 

and moderate reliability for CSA (ICC: 0.64) (Table 1). 437 

 438 

Table 1. Intra-rater/Inter-session reliability results of the ultrasonography morpho-439 
mechanical measures.  440 

 ICC (CI) SEM 
Length (cm) 0.99 (0.95-0.99) 0.25 

Thickness (cm) 0.99 (0.97-0.99) 0.002 
CSA (cm2) 0.64 (-0.34-0.94) 0.011 

Stiffness (kPa) 0.90 (0.50-0.99) 2.67 
CSA, cross-sectional area; ICC, intraclass correlation coefficient; CI, confidence interval; SEM, 441 
standard error of measurements. 442 

 443 

Morphological and mechanical properties of the AT 444 

 Length, thickness, CSA, and stiffness are presented in Table 2. Mean ± SD 445 
and minimum-maximum values are reported.  446 

 447 

Table 2. Morpho-mechanical properties of the AT. 448 

 Mean ± SD minimum-maximum 
 Length (cm) 19.89 ± 2.57 15.40 – 25.50 

Thickness (cm) 0.39 ± 0.04 0.35 – 0.50 
CSA (cm2) 0.41 ± 0.07 0.31 – 0.53 

Stiffness (kPa) 75.95 ± 9.98 53.35 – 91.66 
CSA, cross-sectional area; SD, standard deviation.   449 

 450 

Motor unit decomposition 451 

 Average number of motor units and number of motor units matched by 452 

recruitment threshold were reported to illustrate the differences in the number of 453 

motor units involved in each analysis. A total of 1892 motor units were identified in 454 

the triceps surae muscle during the submaximal contractions (across all 455 

participants). At 10% MVC, the average number of motor units identified were 13.6 ± 456 



17.90, 5.56 ± 9.6, and 12.12 ± 8.95 for the MG, LG, and SO muscles, respectively. 457 

At 40% MVC, the average number of motor units identified were 22.44 ± 23.49, 9.64 458 

± 11.21, and 12.32 ± 7.52 for the MG, LG, and SO muscles, respectively. Regarding 459 

the recruitment-threshold-matched motor units a total of 397 motor units were 460 

matched between the MG, LG, and SO muscles, with an average of 6.64 ± 7.69 and 461 

9.24 ± 8.94 for each participant during the 10% and 40% MVC tasks, respectively. 462 

 463 

Discharge rate and discharge rate variability 464 

  DR and COVisi parameters were assessed to investigate the overall motor unit 465 

firing rate and variability when motor units were matched by recruitment threshold 466 

across muscles. Average DR from MG, LG, and SO muscles at 10% and 40% MVC 467 

are presented in Figure 4A. Overall, DR increased as the target torque increased, 468 

but DR was similar between muscles (torque effect: P<0.0001, mean difference=-469 

2.11, CI=-2.79 to -1.45, muscle effect: P=0.175). COVisi from the MG, LG, and SO 470 

muscles at 10% and 40% MVC are presented in Figure 4B. In general, COVisi 471 

increased as the target torque increased, with a difference between muscles; 472 

however, no torque-muscle interaction was found (torque effect: P<0.0001, mean 473 

difference=-4.00, 95% CI=-5.73 to -2.27; muscle effect: P=0.0069, interaction force-474 

muscle: P=0.90). Given that there were no between-muscle differences in DR, we 475 

averaged DR results from all muscles (DR ALL) and inserted this variable into the 476 

linear regression. Meanwhile, COVisi results from each muscle were inserted into the 477 

multiple regression independently since there were significant differences between 478 

muscles.  479 

 480 



481 
Figure 4. A) Average motor unit discharge rate (DR) calculated from recruitment-threshold-matched 482 
motor units from medial gastrocnemius (MG: red dot), lateral gastrocnemius (LG: green square) and 483 
soleus (SO: blue triangle) muscles at 10% and 40% maximal voluntary contraction (MVC). Data 484 
points at 10% MVC were: MG (n=16), LG (n=18), and SO (n=23); and at 40% MVC were: MG (n=21), 485 
LG (n=20), and SO (n=21). B) Coefficient of variation for the interspike interval (COVisi) calculated 486 
from recruitment-threshold-matched motor units from MG, LG, and SO muscles at 10% and 40% 487 
MVC. Data points at 10% MVC were: MG (n=16), LG (n=18), and SO (n=23); and at 40% MVC were: 488 
MG (n=21), LG (n=20), and SO (n=21). A linear mixed model was used for the statistical 489 
comparisons. DR and COVisi values (means ± SD) were averaged for each subject and presented at 490 
each submaximal target torque (10% and 40% MVC). * Main effect of torque, P<0.0001. # Main effect 491 
of muscle, P=0.0069.” 492 

 493 

Cross-correlations and neuromechanical delay 494 

The cross-correlation coefficient and NMD variables were determined to 495 

examine the impact of neural drive generation on force transmission to the tendon. 496 

Cross-correlation coefficient between CST and torque from MG, LG, and SO at 10% 497 

and 40% MVC are presented in Figure 5A. Overall, cross-correlation coefficients did 498 

not change as the target torque increased; however, the cross-correlation coefficient 499 

between CST and torque was greater when the CST from all muscles was combined 500 

(torque effect: P=0.28, mean difference=-0.034, CI=-0.098 to 0.029, muscle effect: 501 

P= 0.0022). Furthermore, NMD from MG, LG, and SO at 10% and 40% are 502 

presented in Figure 5B. NMD did not change as the target torque increased and did 503 

not differ between muscles (torque effect: P=0.06, mean difference 53.69, CI=-279 to 504 

110.2, muscle effect: P=0.73). Therefore, we used the NMD obtained from all 505 

muscles (ALL) and we inserted this variable in the multiple regression.  506 

 507 



 508 
Figure 5. A) Cross-correlation coefficients between cumulative spike train (CST) vs torque from 509 
medial gastrocnemius (MG: red dot), lateral gastrocnemius (LG: green square), soleus (SO: blue 510 
triangle) and all muscles combined (ALL: orange dot) at 10% and 40% maximal voluntary contraction 511 
(MVC). Data points at 10% MVC were: MG (n=15), LG (n=10), SO (n=16) and ALL (n=19); and at 512 
40% MVC were: MG (n=18), LG (n=12), SO (n=18), and ALL (n=20). B) Neuromechanical delay 513 
(NMD) from MG, LG, SO and ALL at 10% and 40% MVC. Data points at 10% MVC were: MG (n=15), 514 
LG (n=10), SO (n=16) and ALL (n=19); and at 40% MVC were: MG (n=18), LG (n=12), SO (n=18), 515 
and ALL (n=20). A linear mixed model was used for the statistical comparisons. Cross-correlation 516 
coefficient and NMD values (means ± SD) were averaged for each subject and presented at each 517 
submaximal target torque (10% and 40% MVC). # Main effect of muscle, P=0.0022.” 518 

 519 

 520 

Multiple Linear Regression  521 

 Motor unit variables (DR ALL, COVisi MG, COVisi LG and COVisi SO) were 522 

entered into the multiple linear regression analysis to assess which of these 523 

variables was associated with the morpho-mechanical properties of the AT (length, 524 

thickness, CSA, and stiffness). Table 3 reports the results of the multiple regressions 525 

for these variables.  526 

When the morphological properties were analyzed as dependent variables, at 527 

10% MVC, only COVisi SO was entered into the model, explaining 30.4% of the 528 

variance in the length. However, at 40% MVC, both COVisi MG and COVisi SO were 529 

entered into the model, explaining 48.7% of the variance in the length. Additionally, 530 

at 40% MVC, COVisi SO was entered into the model, explaining 29% of the variance 531 

in the thickness.  532 

When tendon stiffness was analyzed as a dependent variable, at 10% MVC, 533 

only DR ALL was entered into the model, explaining 41.7% of the variance in AT 534 

stiffness. DR ALL was negatively associated with stiffness, meaning that the DR of 535 



the triceps surae was higher in tendons with lower stiffness. MG motor unit DR and 536 

SWE results for two representative participants with different levels of AT stiffness 537 

can be seen in Figure 6. 538 

Motor unit firing-torque relationship variables (cross-correlation coefficient and 539 

NMD) were entered into the multiple linear regression analysis to assess which of 540 

these variables were associated with the morpho-mechanical properties of the AT 541 

(length, thickness, CSA, and stiffness). When the morpho-mechanical properties 542 

were analyzed as dependent variables, none of the motor unit firing-torque 543 

relationship variables were entered into the model.  Similarly, when we analyzed 544 

torque steadiness as the dependent variable, none of the motor unit and motor unit 545 

firing-torque relationship variables were entered into the model.  546 



 547 



 548 
Figure 6. Motor unit discharge rate and Achilles tendon stiffness for two representative participants.             549 
A) Individual with high Achilles tendon stiffness (top, shear-wave elastography map) at rest and low 550 
discharge rate (bottom) for one representative motor unit from the medial gastrocnemius (purple), 551 
lateral gastrocnemius (green), and soleus (red) muscles during isometric plantarflexion contractions at 552 
10% maximal voluntary contraction (MVC). B) Individual with low Achilles tendon stiffness (top, shear-553 
wave elastography map) at rest and high discharge rate (bottom) for one representative motor unit 554 
from the medial gastrocnemius, lateral gastrocnemius, and soleus muscles during isometric 555 
plantarflexion contractions at 10% MVC. The black line (bottom) represents the torque exerted by the 556 
participants during the contraction.  557 

 558 

 559 

 560 

DISCUSSION 561 

This study revealed that changes in resting tendon stiffness could be 562 

predicted by changes in triceps surae motor unit DR at low forces. In addition, motor 563 

unit firing rate variability (estimated by COVisi) of individual triceps surae muscles 564 

was able to predict changes in tendon morphology in a load-dependent manner. 565 

Previous studies showed some evidence of the relationship between active/passive 566 

tendon mechanics and muscle activity; however, to our knowledge, this is the first 567 

study to observe a relationship between motor unit firing and tendon morpho-568 

mechanical properties. By employing HD-sEMG, conventional B-mode 569 

ultrasonography, and SWE we were able to identify neuromechanical relationships 570 

relevant for the generation of force.  571 

 572 



Relationship between motor unit firing rate and Achilles tendon morpho-mechanical 573 

properties 574 

During walking and running, the muscular contraction modulates the amount 575 

of energy stored in the elastic tissues (9). Therefore, muscles must have the ability to 576 

produce or absorb mechanical work, and this behavior is highly dependent on the 577 

interactions between the active (myofibrils) and passive (mainly tendon and 578 

aponeurosis) elements of the series elastic components (9, 54). During isometric 579 

contractions, there is a shortening of the muscle fascicle and lengthening of the 580 

tendon at a fixed ankle joint; therefore, a shortening of the active element produced a 581 

lengthening of the passive/elastic element of the series elastic components (55). 582 

Additionally, it has been observed that the slackness and compliance of the 583 

passive/elastic element allow the fascicle length and pennation angle changes to 584 

occur during isometric contractions (55). Furthermore, it has been shown that after a 585 

static-stretch intervention of the triceps surae muscles, there is an increase in the DR 586 

and decrease in motor unit recruitment thresholds at low muscle forces, suggesting 587 

that the adjustment in motor unit activity is likely related to the change in the 588 

compliance of the muscle-tendon unit following stretching (35). Consequently, there 589 

is a relationship between DR, tension development and force-generating capacity 590 

(35).  591 

Our results showed that differences in resting AT stiffness could be predicted 592 

by changes in the DR ALL at 10% MVC. This is consistent with a previous study, 593 

which reported changes in the neural drive of the triceps surae muscles during 594 

isometric plantarflexion contractions at 10% MVC but not at 35% MVC after 595 

stretching (which increases tendon compliance) (35). This load-dependent 596 

relationship between motor unit firing rate and stiffness may be partially explained by 597 

the tendon’s mechanical behavior. Tendon stiffness increases at higher muscle 598 

contraction levels; however, the rate of change in tendon’s stiffness varies according 599 

to the amount of tension placed on the tendon (56). Tendons are lengthened more 600 

easily at low forces and then, a plateau in tendon length is reached at higher force 601 

levels (55). It can be speculated that individuals with greater tendon compliance at 602 

low forces might have required greater motor unit firing output to control the 603 

contraction, while at higher forces, the higher tendon stiffness might have allowed a 604 

more efficient conversion of neural drive into muscle contraction and then force 605 



transmission to the tendon. This greater efficiency in the conversion of neural output 606 

into contraction and subsequent transmission of muscle force at higher force levels 607 

may have possibly increased the difficulty of detecting variations in tendon stiffness 608 

of the participants measured in the current study. Nevertheless, this load-dependent 609 

relationship may also be in part explained by the motoneuron modulation that occurs 610 

at the motoneuron dendrites and depends on the interactions between descending 611 

monoaminergic drive and spinal circuits (57). Since Golgi tendon organ 612 

mechanoreceptors can detect rapid changes in contractile force (58), and Ib 613 

afferents mostly inhibit homonymous motoneurons through di/tri-synaptic 614 

connections (59), it can be hypothesized that tendons with reduced stiffness might 615 

decrease the sensitivity of the Golgi tendon organ, lessening the inhibitory input to 616 

the α-motoneuron and therefore explaining the increase in the DR in tendons with 617 

greater compliance.  618 

Additionally, multiple regression analysis results showed that changes in 619 

length could be predicted by changes in COVisi SO at 10% MVC; however, changes 620 

in length could be predicted by changes in COVisi MG and COVisi SO at 40% MVC. 621 

These results might be explained by differences in the contribution of each of the 622 

triceps surae muscles to the net force at different target torques. In support of this 623 

notion, a recent study reported that during isometric plantarflexion contractions at 624 

10% MVC, the activation ratio of the SO muscle was higher than the activation ratio 625 

of the MG, and both were higher than the activation ratio of the LG; However, at 50% 626 

MVC, the activation ratio of the SO decreased to similar values of the activation ratio 627 

of the MG, and both were higher than the activation ratio of the LG (60), suggesting 628 

that the COVisi of both muscles was able to predict changes in the AT’s length 629 

probably because at 40% MVC, they have a similar level of activation. However, we 630 

also observed that changes in the AT thickness could be predicted by changes in the 631 

COVisi SO at 40% MVC, indicating that these relationships between the variability of 632 

the DR and the morphological properties of the tendon are not just influenced by the 633 

level of activation of each individual muscle, it might be possible that the DR 634 

modulation of each muscle transmits differently to the tendon, even when the 635 

resultant modulation (torque steadiness) seems to be not affected by this, since we 636 

did not find associations between COVisi and torque steadiness.  637 

 638 



 639 

Neural drive to MG, LG, and SO muscles 640 

It is difficult to compare the neural drive (motor unit DR and recruitment) 641 

received by agonist muscles due to the limitations in HD-sEMG decomposition 642 

techniques which are only able to identify a subset of the populations of active motor 643 

units (41). However, an indirect assessment of the neural drive received by 644 

synergistic muscles can be estimated by comparing firing parameters from motor 645 

units matched by recruitment threshold (41). This approach minimizes the effect of 646 

recruitment-threshold dependent variations in DR between muscles, which can be 647 

due to the identification of different populations of motor units by the decomposition 648 

algorithm. By employing this approach, we observed no differences in motor unit DR 649 

between muscles at 10% and 40% MVC (Fig. 4 A). Nevertheless, when we 650 

estimated the motor unit firing rate variability through COVisi, we observed 651 

differences between muscles. Specifically, the COVisi was higher in the LG compared 652 

with the MG at 40% MVC (Fig. 4 B). This is an interesting finding, since a recent 653 

study has shown minimal common drive between MG and LG muscles during 654 

isometric plantarflexion contractions estimated by coherence analysis between CST 655 

of each muscle at similar target torques (61). The relative independent control of 656 

these muscles may allow for flexible control of the ankle joint to comply with their 657 

functions (e.g., maintaining balance, joint stabilization, distribution of tendon strain) 658 

during different tasks (61). This theory is partially supported by studies showing 659 

smaller volume and longer fascicles in the LG muscle compared to the MG (60), and 660 

different actions in the frontal plane (62-64). 661 

 Another method to estimate the effective neural drive to muscles is to sum the 662 

spike trains of the involved motor units, and then smooth the resultant signal to 663 

produce a continuous estimate of the command signal (CST) (65). Our findings 664 

indicate that CST was moderately correlated with fluctuations in the isometric 665 

plantarflexion torque at 10% and 40% MVC (R= 0.67 and R=0.69, respectively). The 666 

strength of our cross-correlation coefficients results was higher compared with the 667 

one reported by Mazzo et al. 2022, in the triceps surae muscles at 10% (R=0.582) 668 

and 35% (R=0.612). However, the strength of the cross-correlation coefficients 669 

between the CST estimates and torque fluctuations for the triceps surae muscle was 670 



not as strong as the one observed in tasks where a single muscle is involved, likely 671 

due to the differences in the experimental protocol (65). For example, Thompson et 672 

al. 2018, found higher cross-correlations between the neural drive and torque in 673 

isolated SO muscles during evoked contractions (R=0.84). Even so, this difference 674 

may be explained by the different species assessed (human vs cat) (66) or type of 675 

contraction (voluntary vs electrically evoked). Other possible explanations are the 676 

involvement of other muscles (e.g., intrinsic foot muscles or accessory lower leg 677 

muscles) during the plantarflexion tasks (65) or the variable level of activation among 678 

the triceps surae muscles without compromising the net force (67, 68). Additionally, 679 

our results showed no differences in the cross-correlation coefficients between the 680 

MG, LG, and SO at 10% and 40% MVC, the only difference observed was between 681 

MG and ALL at 10% MVC (Fig. 5 A). Moreover, no differences were observed as the 682 

target torque increased. These results indicate the cross-correlation coefficient 683 

between the CST and torque of the MG, LG, and SO can be used separately to 684 

estimate the moment-to-moment fluctuations in force during isometric plantarflexion 685 

contractions at low and moderate target torques. For this reason, we used the 686 

average delay quantified from the cross-correlation function from all muscles to 687 

calculate the NMD described below.   688 

 689 

Neuromechanical delay 690 

The conversion of neural signals to force output has a latency due to the 691 

dynamic sensitivity of the motor neurons and to the time needed to stretch the series 692 

elastic components of the muscle-tendon unit following the electrical activation of the 693 

muscle fibers (69). Previous studies have used the electromechanical delay to 694 

determine the time lapse between the onset of muscle electrical activation and onset 695 

of force/torque production (70-75). However, this method does not provide 696 

information on the delay between neural drive to muscle and force (69). Due to this 697 

reason, in our study we used the NMD, which is defined as the time difference 698 

between the neural drive and the generated force/torque during a voluntary 699 

contraction. The NMD can be estimated from the time lag of the peak of the cross-700 

correlation between the CST and torque (69). Our results showed that the mean 701 

estimated NMD was 502.05 ± 120.48 ms and 461.80 ± 135.25 ms at 10% and 40%, 702 

respectively. Overall, our results showed higher NMD values compared with previous 703 



studies. Del Vecchio et al, 2018 and Martinez-Valdes et al., 2021 reported NMD 704 

values of ~300 ms in the tibialis anterior muscle during isometric dorsiflexion 705 

contractions modulated at low frequencies and low target torques (32). These 706 

differences may be explained by the different muscles assessed (tibialis anterior vs 707 

triceps surae), the different contraction evaluated (modulated vs not modulated), or 708 

the dynamometer used. Additionally, our results showed no difference in the NMD 709 

between muscles at 10% and 40% MVC, neither as the target torque increase (Fig. 5 710 

B), which is in agreement with the findings from Martinez-Valdes et al., 2022 (32). 711 

 712 

Implications for future research 713 

 Our findings demonstrate a contraction-intensity dependent relationship 714 

between motor unit firing parameters of the triceps surae muscle and the morpho-715 

mechanical properties of the AT. However, the remaining variance in the morpho-716 

mechanical parameters can likely be attributed to a combination of multiple factors. 717 

Motor unit-tendon interactions may have been influenced by muscle force 718 

transmission to connective tissue (76), sampling of the pool of active motor units, 719 

and changes in muscle contractile properties (77). Additionally, other factors such as 720 

individual differences (e.g., age, gender, and genetic predisposition), physical activity 721 

level and measurement factors (e.g., position of the ankle during the measurement, 722 

probe pressure over the tendon, crosstalk from other muscles and identification of 723 

superficial motor units), could have also played a role. Therefore, future studies 724 

aiming to generate predicting models of muscle-tendon interactions should consider 725 

these factors for an accurate estimation.  726 

 727 

METHODOLOGICAL CONSIDERATIONS 728 

 There are some methodological aspects of this study that should be 729 

considered. First, intra-rater/inter-session reliability analysis of the AT morpho-730 

mechanical properties was performed on only 6 participants. This analysis aimed to 731 

evaluate the researcher’s consistency in assessing AT morpho-mechanical 732 

properties. Previous studies have demonstrated that ultrasonography provides good 733 

to excellent reliability in determining the morphological properties of the AT (21), 734 

while SWE has shown moderate reliability in assessing the AT’s mechanical 735 



properties (45). Second, the study lacks a familiarization session, which may have 736 

improved the execution of the isometric plantarflexion contractions. Nevertheless, 737 

familiarization trials were conducted prior to the isometric plantarflexion contractions 738 

to instruct the participants on how to perform the tasks. Third, the ankle attachment 739 

of the isokinetic dynamometer used had two lever arms to measure plantarflexion; 740 

thus, the time to detect the torque may have been longer, influencing the results of 741 

the NMD. Finally, current ultrasound imaging devices with SWE have very limited 742 

sampling resolution (0.5 to 2 SWE images per second); future developments in SWE 743 

technology might enable improved and concurrent assessment of the interplay 744 

between tendon stiffness and motor unit firing properties. 745 

 746 

CONCLUSIONS 747 
 748 
 This study shows a contraction-intensity dependent relationship between the 749 

motor unit firing parameters of the triceps surae muscle and the morpho-mechanical 750 

properties of the AT. The most relevant finding is that individuals with increased 751 

resting tendon stiffness showed lower DR at low target torque force. This novel 752 

approach provides valuable insights into the complex neuromechanical interactions 753 

during low-force voluntary isometric tasks. Our research contributes to a more 754 

comprehensive understanding of the underlying mechanisms involved in neural 755 

coding and muscle-tendon unit behavior and how this interplay impacts force 756 

generation during such tasks.  757 
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Achilles tendon morpho-mechanical parameters are 
related to triceps surae motor unit firing properties
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n= 25 healthy adults
Isometric plantarflexion contractions 

at 10% and 40% MVC 
Multiple lineal regression 

CONCLUSIONS
Novel evidence of a contraction-intensity dependent relationship 
between motor unit firing parameters and the tendon morpho-
mechanical properties. Specifically, individuals with increased 
resting tendon stiffness showed lower DR at low target torque force.
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Table 1. Intra-rater/Inter-session reliability results of the ultrasonography morpho-
mechanical measures. 
 ICC (CI) SEM 

Length (cm) 0.99 (0.95-0.99) 0.25 
Thickness (cm) 0.99 (0.97-0.99) 0.002 

CSA (cm2) 0.64 (-0.34-0.94) 0.011 
Stiffness (kPa) 0.90 (0.50-0.99) 2.67 

CSA, cross-sectional area; ICC, intraclass correlation coefficient; CI, confidence interval; SEM, 
standard error of measurements. 
 



Table 2. Morpho-mechanical properties of the AT. 
 Mean ± SD minimum-maximum 

 Length (cm) 19.89 ± 2.57 15.40 – 25.50 
Thickness (cm) 0.39 ± 0.04 0.35 – 0.50 

CSA (cm2) 0.41 ± 0.07 0.31 – 0.53 
Stiffness (kPa) 75.95 ± 9.98 53.35 – 91.66 

CSA, cross-sectional area; SD, standard deviation.   
 



Table 3. Mean ± SD and correlation coefficients between dependent variables (morpho-mechanical properties) and 
independent variables: DR ALL, COVisi MG, COVisi LG and COVisi SO 
Dependent 
variable 

Mean ± SD Torque 
Level, 
%MVC

DR ALL (Hz) COVisi MG (%) COVisi LG (%) COVisi SO (%) 

Length (cm) 20.31 ± 2.80 10 8.23 ± 1.14, r=-0.27 12.92 ± 3.88, r=-0.31 14.09 ± 2.60, r=-0.005 13.43 ± 3.57, r=-0.61*
 20.12 ± 2.73 40 10.56 ± 1.52, r=-0.20 17.17 ± 4.84, r=-0.57* 20.41 ± 4.42, r=-0.28 18.28 ± 3.40, r=-0.59*
       
Thickness (cm) 0.41 ± 0.04 10 8.23 ± 1.14, r=0.15 12.92 ± 3.88, r=-0.22 14.09 ± 2.60, r=0.24 13.43 ± 3.57, r=-0.14 
 0.40 ± 0.04 40 10.56 ± 1.52, r=-0.21 17.17 ± 4.84, r=-0.15 20.41 ± 4.42, r=-0.05 18.28 ± 3.40, r=-0.57*
       
CSA (cm2)  0.41 ± 0.07 10 8.23 ± 1.14, r=-0.28 12.92 ± 3.88, r=-0.44 14.09 ± 2.60, r=-0.50 13.43 ± 3.57, r=0.11 
 0.40 ± 0.06 40 10.56 ± 1.52, r= 0.21 17.17 ± 4.84, r=-0.39 20.41 ± 4.42, r=-0.27 18.28 ± 3.40, r=-0.08 
       
Stiffness (kPa) 78.50 ± 8.51 10 8.23 ± 1.14, r=-0.69* 12.92 ± 3.88, r=-0.65 14.09 ± 2.60, r=0.05 13.43 ± 3.57, r=0.12 
 76.03 ± 9.81 40 10.56 ± 1.52, r=-0.16 17.17 ± 4.84, r=-0.11 20.41 ± 4.42, r=-0.10 18.28 ± 3.40, r=0.17 
CSA, cross-sectional area; %MVC, percentage of the maximal voluntary contraction; DR, discharge rate; ALL, all muscles; COVisi, coefficient of 
variation of the interspike interval; MG, medial gastrocnemius; LG, lateral gastrocnemius; SO, soleus. *Significant correlation (P<0.05) 
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