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ABSTRACT 28 

Contraction intensity is a key factor determining the development of muscle fatigue and it has 29 

been shown to induce distinct changes along the motor pathway. The role of cortical and spinal inputs 30 

that regulate motor unit (MU) behaviour during fatiguing contractions is poorly understood. We studied 31 

the cortical, spinal, and neuromuscular response to sustained fatiguing isometric tasks performed at 20 32 

and 70% of the maximum isometric voluntary contraction (MVC), together with MUs behaviour of knee 33 

extensors in healthy active males. Neuromuscular function was assessed before and after performing both 34 

tasks. Cortical and spinal responses during exercise were measured via stimulation of the motor cortex 35 

and spinal cord. High density electromyography was used to record individual MUs from the vastus 36 

lateralis (VL). Exercise at 70% MVC induced greater decline in MVC (p = 0.023), and potentiated twitch 37 

force compared to 20%MVC (p < .001), with no difference in voluntary activation (p = 0.514). Throughout 38 

exercise, corticospinal responses were greater during the 20%MVC task (p < 0.001), and spinal responses 39 

increased over time in both tasks (p ≤ 0.042). MU discharge rate increased similarly following both tasks 40 

(p ≤ 0.043) while recruitment and de-recruitment thresholds were unaffected (p ≥ 0.295). These results 41 

suggest that increased excitability of cortical and spinal inputs might be responsible for the increase in 42 

MU discharge rate. The increase in evoked responses together with the higher MUs discharge rate might 43 

be required to compensate for peripheral adjustments to sustain fatiguing contractions at different 44 

intensities. 45 
 46 

NEW & NOTEWORTHY 47 

Changes in central nervous system and muscle function occur in response to fatiguing exercise 48 

and are specific to exercise intensity. This study measured corticospinal, neuromuscular, and motor unit 49 

behaviour to fatiguing isometric tasks performed at different intensities. Both tasks increased 50 

corticospinal excitability and motor unit discharge rate. Our findings suggest that these acute adjustments 51 

are required to compensate for the exercise induced decrements in neuromuscular function caused by 52 

fatiguing tasks. 53 

Keywords: Exercise; fatigue; high-density EMG; motor unit; transcranial magnetic stimulation. 54 

INTRODUCTION 55 

During sustained maximal and submaximal contractions, the ability to voluntarily generate force 56 

progressively declines despite maximal effort being exerted (1, 2), a phenomenon commonly ascribed to 57 

adjustments in neuromuscular function, the aetiology of which is determined by the intensity (and 58 

consequent duration) of the muscle action (2).  59 

A wide variety of physiological processes along the motor pathway are possible sites for 60 

decrements in neuromuscular function (3, 4). Many of these processes are inferred from measurements 61 

of central or peripheral function after voluntary and involuntary muscle actions. During low intensity 62 

tasks, generally performed below 30% of maximal voluntary contraction (MVC), significant central 63 

nervous system impairments have been inferred from reductions in voluntary activation (VA; (5, 6). 64 

Conversely, contractile dysfunction seems to play a more prominent role when higher intensity tasks are 65 

performed (1, 7).  66 

Maximal and submaximal fatiguing contractions are also associated with disparate adjustments 67 

in the surface electromyographic (EMG) response during fatiguing exercise (8). Despite many 68 

investigations drawing conclusions from surface EMG data measured using bi-polar configurations, the 69 

precise changes in motor unit behaviour are not well understood. High-density surface EMG (HDsEMG) 70 

allows for decomposition analysis which enables samples of motor units (MUs) to be identified. The 71 



information related to changes in motor unit behaviour can provide important knowledge on how the 72 

nervous system controls muscle force generation during fatiguing contractions (8), but as yet, this area of 73 

study is limited.  74 

Motor unit behaviour reflects the transformation of synaptic input from descending tracts and 75 

sensory feedback (9). Considering that varying intensities of exercise elicit distinct neurophysiological 76 

adjustments (10-13), it is plausible that variations in exercise intensity will have differential effects on 77 

motor unit behaviour. A recent study by Martinez-Valdes et al. (14) suggested that future studies should 78 

combine motor unit recordings with non-invasive neurostimulation during sustained contractions until 79 

failure; thereby enabling a greater understanding of the relationship between the aetiology of decrements 80 

in neuromuscular function and motor unit behaviour. To date, experimental works investigated the effect 81 

of exercise performed to task failure at different intensities on motor unit behaviour of the tibialis anterior 82 

(15) and knee extensors (16). However, no measures of neuromuscular function or neural responses were 83 

included. As such, the current knowledge concerning the exercise-induced decline in neuromuscular 84 

function, and acute changes in neural response on motor unit behaviour, are currently unknown. The 85 

assessment of the neuromuscular function and neural responses are important to gain a better 86 

understanding to what extent these factors might influence MUs behaviour.  87 

Given the limited information in this field, we aimed to further extend the current knowledge by 88 

assessing the neuromuscular function at task failure and neural responses during exercise at different 89 

sites of the motor pathway by means of magnetic stimulation (TMS), electrical stimulation of the spinal 90 

cord and percutaneous stimulation of the femoral nerve. Therefore, this investigation aimed to quantify 91 

central and peripheral contributors to decrements in neuromuscular function during and following 92 

fatiguing isometric exercise of the knee extensors at disparate intensities, and the behaviour of the vastus 93 

lateralis motor units following exercise in a group of healthy males. We combined neurostimulation 94 

techniques and HDsEMG to study the effect of fatiguing muscular contractions of the knee extensors at 95 

lower and higher intensities. It was hypothesised that the locus of adjustments in neuromuscular function 96 

would change in line with the intensity of exercise and such changes would be accompanied by disparate 97 

alterations in motor unit behaviour. 98 

MATERIALS AND METHODS 99 

Ethical Approval 100 

The study received institutional ethical approval from Northumbria University, Health and Life 101 

Sciences Research Ethics Committee (submission ref: 17182) and was conducted in line with guidance set 102 

out in the Declaration of Helsinki. Prior to any experimental procedures, volunteers provided written, 103 

informed consent to participate in the study. 104 

 105 

Participants 106 

A group of 13 recreationally active white caucasian males (mean ± SD age, 32.1 ± 7.3 years; 107 

stature, 172.5 ± 22.2 cm; mass, 81.5 ± 13.7 kg, BMI, 25.6 ± 3.9) volunteered to participate from the staff 108 

and post-graduate community at Northumbria University. All participants were physically active and had 109 

no history of cardiorespiratory or neurological disease, were not injured, nor taking medication at the 110 

time of the study. Participants were instructed to refrain from alcohol, caffeine consumption, and 111 

strenuous lower-body physical activity (48 h) before experimental visits. 112 

 113 

Experimental design 114 

All participants visited the laboratory three times, completing familiarisation and two 115 

experimental trials over a two-week period. The experimental visits were separated by a minimum of 48 116 

hours, allowing for recovery (17), and were presented in a randomised, cross-over design. The time of day 117 



for each testing session remained consistent (± 1 h) to limit diurnal variations in maximal force generating 118 

capacity and corticospinal excitability (18). Following a thorough familiarisation of the methods used to 119 

assess neuromuscular function, two fatiguing trials were performed with the dominant knee extensors 120 

(19). To understand motor unit behaviour at disparate intensities, the fatiguing tasks were conducted at 121 

a lower (20%MVC) and higher (70%MVC) contraction intensity (see below). The two intensities were 122 

chosen to induce different adjustments both at central and peripheral level as previously described (1, 2, 123 

5, 7, 20). The experimental design is illustrated in Fig. 1. 124 

 125 

Experimental procedures 126 

Neuromuscular function assessments  127 

Neuromuscular function was assessed pre- and post-exercise, starting immediately at task failure. 128 

Pre-exercise neuromuscular function assessment began with a standardized warm-up (2 × contractions at 129 

25, 50, and 75% of perceived maximal effort), then two MVCs interspaced by 45 s were performed. The 130 

highest MVC was used to set the contraction intensity for the fatiguing task and series of ramped 131 

contraction on each session. The ramped contractions were performed to measure aspects of motor unit 132 

behaviour before and following the post exercise MVC after task failure. Five ramp contractions were 133 

performed at 15% MVC with rate of force development 4% MVC·s−1 with a plateau phase of 20 s, and five 134 

were performed at 20% MVC whereby the rate of force development was 3.3% MVC·s−1 with a plateau 135 

phase of 4 s. The 15%MVC ramps were interspaced by 30 s, while the 20%MVC ramps were interspaced 136 

by 10 s. All ramps were performed at the same absolute intensity, based on the pre-exercise MVC. After 137 

task failure in both conditions, the first ramp was performed within 30 s following the post-exercise MVC.  138 

Thereafter, two further (3 s) MVCs were performed, separated by 30 s. During the second of 139 

these MVCs, motor nerve stimulation (MNS) was delivered during the plateau of peak force, and 2 s 140 

after, to quantify voluntary activation (21), the quadriceps potentiated twitch amplitude (Qtw.pot), and 141 

maximal motor response (Mmax). Single-pulse TMS was subsequently delivered during three contractions 142 

at 20 or 70% MVC and a further three contractions at the same intensity were performed with lumbar 143 

stimulation superimposed (see below). 10 s rest was given between contractions. Measures of 144 

neuromuscular function (MVC, Qtw.pot and VA) were measured immediately at task failure, before the post-145 

exercise ramp contractions. MVC, Qtw.pot and VA at post-exercise were measured within 2 s after task 146 

termination whilst the first trapezoidal ramp was performed within 30 s. The experimental procedures 147 

are illustrated in Fig. 1. 148 

 149 

Transcranial magnetic stimulation 150 

Single stimuli (1 ms duration) were delivered to the contralateral motor cortex via a concave 151 

double cone coil oriented to induce a posterior-to-anterior intracranial current (110 mm diameter, 152 

maximum output 1.4 T), powered by a monopulse stimulator (Magstim200, The Magstim Company, 153 

Whitland, UK). Optimal coil placement was determined as the position that elicited the greatest vastus 154 

lateralis (VL) motor evoked potential (MEP) during a 10% MVC using 50-70% stimulator output. This 155 

position was marked on the scalp with indelible ink to ensure consistent placement during trials. Active 156 

motor threshold (aMT) was determined as the stimulator intensity that elicited a MEP of >200 µV in three 157 

out of five stimulations during a 10% MVC contraction. Stimulator intensity was increased in 5% steps 158 

from 35% of stimulator output until a consistent MEP was found. Thereafter, stimulus intensity was 159 

reduced in 1% steps until the lowest intensity to elicit a MEP of >200 μV was found. Mean aMT was not 160 

different between visits (47 ± 10 vs. 41 ± 8%, p = 0.119). At baseline, corticospinal excitability was 161 

determined in the three 20 or 70% MVC contractions using a test pulse of 120% aMT. 162 

 163 

Lumbar electrical stimulation 164 



To assess spinal excitability/responsiveness, lumbar-evoked potentials (LEPs) were elicited with a 165 

constant-current stimulator (1 ms pulse duration; Digitimer DS7AH, Hertfordshire, UK). The cathode was 166 

centred over the first lumbar spinous process (5 × 9 cm; Nidd Valley Medical Ltd., Bordon, UK) with the 167 

electrode aligned to the centre of the vertebral column. The surface area of the cathode covered two 168 

spinous processes above and below the centre point (T11–L3). A cathode of large area was chosen as it 169 

produced less discomfort and greater tolerance by participants (22, 23). The anode (2.5 cm2) was placed 170 

5 cm above the upper edge of the cathode (23), corresponding to the level of the eighth thoracic spinous 171 

process (T8), as this stimulating site has recently been shown to activate corticospinal axons at the level 172 

of lumbar spinal segments (24). The pre-exercise LEP was standardised to elicit 15-25% of Mmax during 173 

contractions at 20 and 70% MVC. Lumbar stimulation was delivered 100 ms into a 200 ms silent period 174 

(SP; conditioned) to quantify excitability of the spinal cord without the presence of background neural 175 

drive (25). For these conditioned LEPs (SP-LEPs), the TMS intensity to produce a SP of 200 ms was not 176 

different between visits (57 ± 8 vs. 59 ± 11%, p = 0.731), likewise the intensity of subsequent lumbar 177 

stimulation was similar (185 ± 62 vs. 181 ± 56 mA, p = 0.291). 178 

 179 

Motor nerve stimulation 180 

Single, electrical stimuli (200 µs duration) were delivered to the femoral nerve of the exercising 181 

limb using a constant current stimulator (DS7AH Digitimer Ltd, Welwyn Garden City, UK) via adhesive 182 

surface electrodes (CF3200; Nidd Valley Medical Ltd., Harrogate, UK). The cathode was placed over the 183 

nerve, high in the femoral triangle, in the position that elicited the greatest twitch amplitude (Qtw) and 184 

Mwave in the VL at rest. The anode was placed halfway between the greater trochanter and iliac crest. 185 

Stimulation intensity was increased in 20 mA stepwise increments until the highest Qtw and Mmax were 186 

elicited. Then, stimulation intensity was increased by 30% to ensure supramaximal stimulation was 187 

delivered. Mean stimulus intensity was not different between visits (241 ± 41 vs. 249 ± 47 mA, p = 0.388). 188 

 189 

Force and bipolar electromyography 190 

During assessments of neuromuscular function, participants sat on a custom-built chair with knee 191 

and hip angles kept constant (both 90° flexion). A calibrated load cell (MuscleLab Force Sensor 300, 192 

Ergotest technology, Norway) was attached via a non-compliant cuff positioned 2 cm superior to the ankle 193 

malleoli on the participants’ dominant leg, to measure knee extensor force (N). Bipolar electromyographic 194 

signals were recorded continuously throughout both trials using surface electrodes (Ag/AgCl, Kendall 195 

H87PG/F; Covidien, Mansfield, MA, USA). Electrodes were placed over the dominant VL, just above the 196 

HDsEMG array, consistent with SENIAM guidelines (26) and were connected to an EMG system (CED 1902; 197 

Cambridge Electronic Design, Cambridge, UK). Prior to placement of electrodes, the skin contact area was 198 

shaved, abraded, and cleaned using a 70% IPA alcohol wipe (FastAid, Robinson Healthcare, Worksop, UK). 199 

Signal recordings obtained from the bipolar EMG electrodes were used to determine TMS, LEP, and motor 200 

nerve stimulation parameters on both experimental sessions. The same recordings were also used to 201 

obtain information related to cortical, spinal, electrical muscle response and variations in EMG activity 202 

during the fatiguing task in both visits. Signals were amplified (gain ×100 for EMG and ×300 for force [CED 203 

1902; Cambridge Electronic Design, Cambridge, UK]), bandpass filtered (EMG only: 20-1,000 Hz), digitized 204 

(EMG: 2 kHz; Force: 5 kHz; CED 1401, Cambridge Electronic Design), and analysed offline (Spike2 v8, 205 

Cambridge Electronic Design). 206 

 207 

High density electromyographic recordings 208 

Electrical activity of the VL was recorded by means of HDsEMG using a single adhesive array of 64 209 

equally spaced electrodes (13 rows × 5 columns; gold-coated; diameter 1 mm; inter electrode distance 8 210 

mm; OT Bioelettronica, Turin, Italy). The array was moved in the distal portion of each muscle to estimate 211 

the direction of muscle fibres that corresponded to the alignment of action potentials propagating along 212 



the array, without substantial changes in waveform shape (27). The HDsEMG signals were recorded in 213 

monopolar mode with a multichannel amplifier (3-dB bandwidth, 10-500 Hz; EMG-Quattrocento, OT 214 

Bioelettronica). The EMG and force signals were concurrently sampled at 2,048 Hz with 16 bits/sample, 215 

amplified (×150) and band-pass filtered. The signals were converted to digital data using a multichannel 216 

amplifier with 16-bit resolution (3 dB bandwidth, 20-500 Hz; EMG-Quattrocento; OT Bioelettronica, Turin, 217 

Italy). 218 

 219 

Fatiguing exercise 220 

Following the completion of pre-exercise measures, the fatiguing exercises were completed. The 221 

20%MVC trial required a contraction to be held until task failure, deemed to be a 5% drop below the target 222 

force for a period longer than 5 s. Throughout the 20%MVC contraction, a single TMS and LEP response 223 

was evoked at 10 s, and then every minute until task failure. During the 70%MVC trial, participants aimed 224 

to contract at the target level for 2 minutes, or to continue contracting with maximal effort until 2 minutes 225 

if force dropped below 70% MVC. TMS and LEP responses were evoked at 10 s, 1, and 2 min. During both 226 

contractions, strong verbal encouragement was provided. Immediately upon task-failure or task 227 

termination, MVC, VA, and Qtw.pot were assessed prior to the post-exercise ramp contractions. 228 

 229 

Data analysis 230 

 231 

Neuromuscular function analysis 232 

Voluntary activation was determined using the twitch interpolation technique (Merton, 1954) by 233 

comparing the amplitude of the superimposed twitch (SIT) with the amplitude of the Qtw.pot using the 234 

following formula: VA (%) = (1 - [SIT / Qtw.pot] × 100). At baseline and throughout fatiguing exercise, 235 

corticospinal (MEP/Mmax) and spinal excitability (SP-LEPs) were determined. To measure background 236 

muscle activity, the VL was recorded during the 50 ms prior to each stimulation or taken as the mean 237 

value during ramp contractions and normalised to baseline. To account for between trial differences in 238 

background neural drive, evoked responses were further normalised to the pre-stimulus (100 ms) 239 

rmsEMG value (28). Data were compared at baseline and three points during exercise; Early (10 s), the 240 

midpoint (Middle, minute closest to the middle during 20%MVC and 1 min during 70%MVC) and at the 241 

end of exercise (End, task-failure during 20%MVC and 2 min during 70%MVC) to allow for comparison 242 

between trials.  243 

 244 

Motor unit properties analysis 245 

The HDsEMG signals were decomposed into single motor unit activity by using the convolutive 246 

blind source separation method (29). The identified motor units were analysed by an operator (LA). Motor 247 

units were excluded when the pulse-to-noise ratio (PNR) was < 30 dB (30). The recruitment and de-248 

recruitment thresholds (force value in % MVF corresponding to the first/last motor unit spike, 249 

respectively) and the average discharge rate of each motor unit were calculated from the discharge times 250 

identified after decomposition. The average discharge rate was calculated by considering the recruitment 251 

phase (i.e. the average of the first 4 action potentials), during the steady phase (i.e. the average of the 252 

first 10 action potentials) and during the de-recruitment phase (i.e. the average of the last 4 action 253 

potentials). The input–output gain of the motor neuron pool was estimated by calculating the change in 254 

discharge rate during the steady phase relative to that at recruitment (ΔDR) as a function of the change 255 

in force from recruitment to the steady phase (ΔForce), function of the change in force from recruitment 256 

to the steady phase in percentage of the MVC performed at Pre-task (ΔForceMVCpre-task) and as a function 257 

of the change in force from recruitment to the steady phase in percentage of the corresponding MVC 258 

performed at Post-task (ΔForceMVCcorr).  259 

 260 



Motor unit coherence analysis 261 

Motor unit coherence analysis was applied to the steady state phase only during the long duration 262 

ramps performed at 15%MVC. The coherence function, denoted as Cxy(f), is calculated using the cross-263 

spectrum and auto spectral densities of the two signals, denoted as Gxy(f), Gxx(f), and Gyy(f) respectively. 264 

The cross-spectrum represents the correlation between the two signals, while the auto spectral densities 265 

capture the power of each individual signal. The coherence function is obtained by squaring the 266 

magnitude of the cross-spectrum and dividing it by the product of the spectral densities. To compute the 267 

coherence function, the data is divided into not-overlapping windows of 1 second. The analysis was then 268 

performed separately on two groups of motor unit spike trains. The coherence bias, representing the 269 

maximum coherence value above the 100 Hz band, was estimated. It is important to note that the 270 

coherence function can reveal significant correlations at various frequency ranges within the sampling 271 

frequency resolution. In the adult spinal cord, three dominant peaks are commonly observed: a low-272 

frequency range (0 to 5 Hz), a range around 5 to 12 Hz (tremor frequency), and the cortical beta band (15 273 

to 30 Hz). These peaks represent the frequencies at which the motoneuronal fluctuations are 274 

synchronized or exhibit strong correlations. 275 

 276 

Statistical analysis 277 

Data are presented as mean ± SD within the text and figures. Normal Gaussian distribution of data 278 

was confirmed using the Shapiro-Wilk test. The Greenhouse-Geisser correction to the degrees of freedom 279 

was applied when violation to sphericity was found. Data that were assessed pre- and post-task (change 280 

scores in parameters of neuromuscular function and motor unit coherence), along with the total impulse, 281 

were analysed using a paired samples t-test. For variables assessed during exercise, a two-way (2 × 3) 282 

repeated measures ANOVA was used to analyse differences between contraction intensity (20%MVC vs. 283 

70%MVC) over time (Early, Mid, and End). For variables related to the motor unit properties and VL 284 

rmsEMG during steady state phase of short and long duration ramps, a two-way (2 × 2) repeated measures 285 

ANOVA was used to analyse differences between contraction intensity (20%MVC vs. 70%MVC) over time 286 

(Pre-task vs. Post-task). If significant main or interaction effects were observed, these were followed up 287 

using Tukey’s pairwise comparisons. The significance level for all statistical tests was set at p < 0.05 (IBM 288 

SPSS Statistics v28, New York, USA). 289 

RESULTS 290 

Exercise performance 291 

By the nature of design, the 70%MVC task lasted 2 min and the exercise time for 20%MVC was 5 292 

± 2 min. Subsequently, the total impulse was greater in the 20%MVC trial compared to 70%MVC (42 ± 12 293 

vs. 34 ± 7 N·s; p = 0.017).  294 

 295 

Neuromuscular function 296 

Maximal voluntary force declined after performing both tasks, with a greater reduction observed 297 

following 70%MVC (668 ± 125 to 203 ± 102 N, -70 ± 12%) vs. 20%MVC (649 ± 125 to 253 ± 82 N, -60 ± 12%, 298 

p = 0.023) (Fig. 2A). The reduced MVC was accompanied by a reduction in Qtw.pot in each task, with a greater 299 

contractile disturbance following the 70%MVC task (209 ± 41 to 64 ± 36 N, -70 ± 12 vs. 202 ± 40 to 110 ± 300 

43 N, -45 ± 18%, p < 0.001; Fig. 2B). Voluntary activation was reduced following both tasks with declines 301 

of similar magnitude 20%MVC (93.1 ± 3.6 to 65.5 ± 20.4%, -30 ± 22%) and for 70%MVC (93.7 ± 3.2% to 302 

63.1 ± 17.0%, -33 ± 17%, p = 0.514; Fig. 2C). The VL Mmax was similar in each trial and remained unchanged 303 

following exercise (5.11 ± 2.75 to 4.94 ± 2.72 mV for 20%MVC and 4.81 ± 1.54 to 5.1 ± 1.74 mV for 304 

70%MVC, p ≥ 0.382). The force produced (Fig. 3A) declined throughout 70%MVC from Early to End (p < 305 

0.001) and was greater compared to 20%MVC at Early (70 ± 3 vs. 21 ± 1%, p < 0.001) and Mid (32 ± 11 vs. 306 



21 ± 1%, p < 0.001), but it was similar at End (21 ± 6 vs. 19 ± 2%, p = 0.297). VL rmsEMG (Fig. 3B) was 307 

greater throughout 70%MVC compared to 20%MVC at Early and Mid (p ≤ 0.006) but it was similar at End 308 

(p = 0.347). During the 20%MVC, the VL rmsEMG activity progressively increased throughout the task (p 309 

< 0.001) while it progressively declined throughout the 70%MVC task (p < 0.001).  310 

 311 

Corticospinal responses throughout exercise 312 

Corticospinal excitability (MEP/Mmax) did not differ between tasks (p = 0.251) but demonstrated 313 

an effect over time (p = 0.028, Fig. 4A). When normalised to rmsEMG ([MEP/Mmax]/rmsEMG), corticospinal 314 

excitability was different between tasks (condition × time interaction, p < 0.001) and over time (p ≤ 0.039). 315 

More precisely, [MEP/Mmax]/rmsEMG during 20%MVC was higher compared to 70%MVC at Early, Mid and 316 

End (p < 0.001; Fig. 4C). In addition, corticospinal excitability increased from Early to Mid in both tasks (p 317 

≤ 0.038) and declined at End (p ≤ 0.035). Spinal excitability (LEP/Mmax; Fig. 4B) responded differently 318 

between tasks (condition × time interaction, p = 0.042). Specifically, spinal excitability decreased from 319 

Early to Mid during the 20%MVC task (p = 0.012) and increased from Early to End during the 70%MVC task 320 

(p ≤ 0.042; Fig. 4B). When spinal excitability was normalised to the MEP response (SP-LEP/MEP; Fig. 4D), 321 

a similar trend was observed (condition × time interaction, p = 0.047) showing overall a similar response 322 

between tasks (p ≥ 0.096). Spinal excitability decreased from Early to Mid during the 20%MVC task (p = 323 

0.002) and increased throughout 70%MVC task from Mid to End (p = 0.032).  324 

 325 

Electromyographic response during trapezoidal ramps 326 

 VL rmsEMG of short and long duration ramps during the steady state phase was significantly 327 

higher after the fatiguing tasks (p ≤ 0.001) without any differences between conditions (p ≥ 0.557). See 328 

supplemental tables S1. 329 

 330 

Motor unit decomposition 331 

For long duration ramps, nine participants were included in the analysis as it was not possible to 332 

extract reliable motor unit responses in four participants. A total of 283 motor units for coherence analysis 333 

were included. More specifically, 140 motor units in the 20% MVC task and 143 motor units in the 334 

70%MVC task were found. The mean number of motor units included for each participant was 8 ± 3 and 335 

8 ± 2 for the 20 and 70%MVC task.  336 

For short duration ramps, ten participants were included in the analysis as it was not possible to 337 

extract reliable motor unit responses in three participants. A total of 282 motor units from the short 338 

plateau ramps for motor units properties were included in the analysis. More specifically, 130 motor units 339 

in the 20% MVC and 153 motor units in the 70%MVC were identified. The mean ± SD number of motor 340 

units identified for each participant was 6 ± 2 and 7 ± 3 for the 20 and 70%MVC task, respectively.  341 

 342 

Motor unit responses 343 

Motor unit firing rate increased in all phases of the trapezoidal ramps during the 20%MVC ramps 344 

after performing both the 20 and 70% MVC tasks (time effect, all p ≤ 0.043) without any difference 345 

between conditions (all p ≥ 0.178) and without significant condition × time interaction (all p ≥ 0.375). 346 

Results are illustrated in Fig. 5A-D. 347 

Input–output gain for ∆Force–∆DR and input–output gain for ΔForceMVCpre-task and input–output 348 

did not change from Pre-task to Post-task (time effect, all p’s ≥ 0.684) with no difference between 349 

conditions (all p’s ≥ 0.116) and without condition × time interaction (all p’s ≥ 0.349). The input–output 350 

gain for ΔForceMVCcorr – ∆DR increased at Post-task (time effect, p < 0.001), with no difference between 351 

conditions (main effect, p = 0.084; interaction effect, p = 0.086). Results are illustrated in Fig. 6A-I. 352 



The recruitment threshold and de-recruitment threshold did not change from Pre-task to Post-353 

task (time effect all p’s ≥ 0.295), with no difference between conditions (all p’s ≥ 0.216) and without 354 

condition × time interaction (all p’s ≥ 0.396). Regarding motor unit coherence (see Supplemental Table 355 

S2), no changes were evident (p = 0.050, p = 0.099, p = 0.135, p = 0.763 and p = 0.889, respectively for α, 356 

β, δ, γ and total area; see Supplemental Tables S3).  357 

DISCUSSION 358 

The present study combined for the first time neurostimulation techniques and HDsEMG to 359 

investigate the neural adjustments contributing to decrements in neuromuscular function and alterations 360 

in motor units within the vastus lateralis muscle caused by fatiguing tasks performed at different 361 

intensities in healthy male participants. High intensity exercise elicited a greater decline in neuromuscular 362 

function while cortical and spinal responses increased through both tasks in a disparate manner. Motor 363 

unit behaviour was altered similarly in both trials, with discharge rates increasing by 13% post exercise. 364 

The combination of neurostimulation and HDsEMG used in this study provided novel insight into how 365 

central and peripheral adjustments contribute to alterations in motor unit behaviour in a large locomotor 366 

muscle group. The data suggest that a compensatory increase in spinal excitability occurs in response to 367 

contractile dysfunction, which partially contributes to an increase in motor unit discharge rate. 368 

 369 

Variations of central and peripheral function following fatiguing exercise  370 

Large decrements in neuromuscular function were elicited by both 20 and 70%MVC protocols in 371 

this study, with 60 and 70% reductions in MVC following the respective trials. The cause of this loss in 372 

volitional force was multifactorial, with large decreases in Qtw.pot and reduced VA by a third, concurrently 373 

observed. These alterations support previous literature demonstrating a combination of contractile 374 

dysfunction and central nervous system impairment after sustained high (31-34) and low (5, 6, 35, 36) 375 

intensity contractions. 376 

The 70%MVC trial elicited greater contractile dysfunction compared to the 20%MVC trial. Both 377 

intensities likely reside above the participants ‘critical torque’ (15% MVC during sustained contractions, 378 

(3, 37) a transition threshold above which metabolic stress is considered uncontrollable (38). The 379 

additional contractile dysfunction in the 70%MVC trial is likely a result of the blood flow occlusion that 380 

occurs during contractions above 50-60%MVC (39),the consequent augmented accumulation of 381 

intramuscular metabolites (40) and depletion of high-energy intramuscular phosphate stores (3, 41, 42). 382 

The rate at which these processes occurred was greater in the 70%MVC trial, which based on the decline 383 

in force produced (Fig. 2) was equivalent to a maximal voluntary effort for the majority of the trial. In 384 

addition, it was potentially due to the increased demand of contraction as well as the ischemia due to 385 

occlusion. 386 

During fatiguing contractions, corticospinal excitability is thought to increase as a compensatory 387 

mechanism for contractile dysfunction within the musculature and reduced neural drive from the motor 388 

cortex (43, 44). However, when measured at task failure, robust evidence of changes in MEP amplitudes 389 

with fatigue is not clear, with previous studies showing no change (45-47), an increase (48-51) or, a 390 

decrease (52, 53). This heterogeneity could be mediated by the intensity of exercise, with divergent 391 

responses observed following contractions above and below critical torque (54). Indeed, as both trials in 392 

the present study likely took place above critical torque it is perhaps unsurprising that no trial × time 393 

interaction effect was observed for the change in corticospinal excitability with fatigue.  394 

Subcortical stimulation of the spinal cord is commonly used to assess changes in corticospinal 395 

input to the motoneuron pool (55, 56). This study employed lumbar stimulation to investigate lower limb 396 

motoneuronal excitability and demonstrated increased excitability throughout the 70%MVC trial (Fig. 4E). 397 

Similar single-joint studies in the lower-limbs have demonstrated a decrease in spinal excitability during 398 



fatiguing contractions (25, 57), although lumbar stimulation might be less sensitive to change compared 399 

to thoracic stimulation (57). The sensitivity of the motoneuronal pool to synaptic input is thought to be 400 

reduced by multiple factors (58) including the activation-induced alterations of intrinsic motoneuron 401 

properties (25), the withdrawal of facilitatory group Ia afferent input to the motoneuron pool (59), and 402 

inhibitory influence of exaggerated group III/IV afferent feedback (60). It is therefore possible, that the 403 

increased spinal excitability in the 70%MVC trial could have been counterbalanced by exaggerated 404 

inhibitory feedback from III/IV afferent neurons, resulting in equivalent changes in MU discharge rates 405 

between trials. However, one limitation of the neurostimulation techniques employed in the present 406 

study is that it is not possible to determine the relative contributions of these distinct neurophysiological 407 

processes to the fatigue-induced changes in LEP/Mmax.  408 

 409 

Variations in motor unit behaviour and coherence following fatiguing exercise 410 

Impairments in force generation capacity of exercising muscle are in part caused by alterations of 411 

the motor unit properties. Previous authors reported a reduction in motor unit firing rate during and 412 

following fatiguing tasks (61-64). In contrast, the present study showed higher discharge rate of motor 413 

units after both tasks. This finding is not exclusive of this study as an acute increase in firing rate was 414 

previously reported during knee extensor tasks (14, 15, 65, 66).  415 

Previous studies showed that acute adjustments during low-intensity fatiguing contractions do 416 

not progress linearly over time, but rather change as the fatiguing task progresses. More precisely, Adam 417 

and De Luca (67) proposed that the increase in the firing rates towards the end of the fatiguing task at 418 

20%MVC was concomitant with recruitment of new motor units. A similar biphasic trend where discharge 419 

rate of motor units initially decreased and increased towards the end of the fatiguing task was also 420 

observed by Martinez-Valdes et al., (14) at 30%MVC and by Valenčič et al., (16) during sustained and 421 

intermittent tasks at 20, 30 and 50%MVC of the knee extensors. Similarly, Contessa et al., (66) showed 422 

that firing rates increased towards the end of repeated fatiguing contractions at 30% MVC alongside the 423 

recruitment of new motor units. Other studies reporting a monotonic decrease in firing rate involved high-424 

intensity contractions at 50% MVC (61), from 10 to 64% MVC (68) that contrast to what was observed 425 

following the 70%MVC trial.  426 

Previous authors proposed that an increase of descending signals from cortical areas to the 427 

motoneuron pool are required to compensate the decline in force generation capacity of the muscle 428 

during fatiguing tasks (4, 66, 69, 70). Our study showed that spinal excitability increased at the end of 429 

exercise (Fig. 4B and D) thus supporting previous authors that the increase in motor unit discharge rate is 430 

likely caused by neural adjustments required to compensate for changes in contractile properties (43, 44). 431 

It must be acknowledged that a number of studies have shown that the firing rate of motor units 432 

decreased despite the increased excitation to the motoneuron pool (71-73). However, we cannot provide 433 

a precise explanation for our contrasting results. Our findings might be caused by the different exercise 434 

tasks and/or methodological differences (see limitations and methodological concern section for more 435 

details).  436 

Another aim of this study was to verify whether exercise intensity would have elicited different 437 

changes in motor unit properties. The two exercise intensities caused disparate responses in spinal 438 

excitability/responsiveness and surface EMG behaviour throughout the tasks, along with exaggerated 439 

losses in maximal voluntary force and contractile function at task failure. Thus, an effect on motor unit 440 

behaviour was likely expected. However, no difference in motor unit properties between the two tasks 441 

was found after task failure. To the best of knowledge, only a limited number of studies have investigated 442 

this specific aspect in exercise until task failure. Our findings are in line with Castronovo and colleagues 443 

(15) where no difference in the motor units firing rate following a sustained task at three different 444 

intensities of the tibialis anterior muscle were reported (20, 50 and 75% of MVC). Similarly, Conwit and 445 

colleagues (74) did not show any difference in firing rate at task failure of the vastus medialis between 446 



two contraction intensities (10 and 30% MVC). In our study, the lack of effect of exercise intensity on 447 

motor unit properties might rely on the fact that motor units were evaluated at low-intensity contraction 448 

ramps (i.e. 20% MVC). High threshold motor units are recruited at higher contraction intensities. 449 

Therefore, the low intensity contraction ramps did not allow us to monitor the whole spectrum of motor 450 

unit properties, thus possibly preventing the observation of behavioural changes of higher threshold 451 

motor units. It should be considered that both tasks are well known to elicit significant impairments in 452 

force production and motor control, thus making it difficult for participants to optimally perform high 453 

intensity contraction ramps and so negatively affecting any information regarding high threshold motor 454 

units. Additionally, it should be noted that the force produced at the end of both tasks was similar (~20%) 455 

thus influencing the behaviour and affecting the population of MUs available to produce the required 456 

task. 457 

Recruitment and de-recruitment threshold of motor units were not affected by the fatiguing tasks 458 

nor by contraction intensity. A reduction in recruitment threshold is proposed as an additional 459 

compensatory mechanism when muscle fatigue develops (75, 76). This reduction might be peripherally 460 

affected by changes in the mechanical and metabolic properties of the muscle (77, 78). However, the 461 

current knowledge on recruitment threshold during and following fatiguing contractions remains 462 

equivocal. Previous authors proposed that these changes are not uniform across the motoneuron pool as 463 

they might depend upon on activation timing and mechanical properties (61, 75). Studies involving the 464 

vastus lateralis reported a decrease in recruitment threshold of motor units without changes in 465 

recruitment order (65, 66) with similar findings observed in first dorsal interosseus (79). Conversely other 466 

studies did not report any change in recruitment and derecruitment threshold of the first dorsal interossei, 467 

and abductor hallucis (61, 71, 72) or reported an increase in recruitment threshold only for early recruited 468 

motor units of the abductor pollicis (75). These observations suggest that motor unit adjustments during 469 

fatiguing contractions depend on muscle-specific properties (i.e. percentage of low and high threshold 470 

motor units and upper limit recruitment) and therefore the findings obtained from individual muscles 471 

cannot be generalized. It should be acknowledged that recruitment and derecruitment thresholds depend 472 

also on the changes of the individual motor unit twitch forces. The lack of change in recruitment threshold 473 

may indicate that low-threshold units (those involved and analysed during low 20%MVC ramps) did not 474 

change their force twitch properties. Other factors, such as contraction duration (repeated contractions 475 

vs versus sustained contraction until failure), contraction intensity might explain the differences in results 476 

across studies. 477 

Synchronization between the firings of active motor units is assumed to increase during fatiguing 478 

contractions, but this was not observed in the present study. Synchronization of motor units firing can be 479 

observed in specific frequency ranges delta (δ, 1–4 Hz), alpha (α, 8–12 Hz), beta (β, 15–30 Hz), and gamma 480 

(γ, 30–60 Hz) frequency bands. Beta-band coherence is of particular interest because it reflects 481 

information regarding cortical and subcortical oscillatory processes (80). No changes in motor unit 482 

coherence were found at task failure or between conditions. Our findings are partially in line with Hwang 483 

and colleagues (81) who reported an increase in alpha-band width only. In contrast, McManus and 484 

colleagues (62) observed a significant increase in δ, α, and β frequency bands after a fatiguing task of the 485 

first dorsal first dorsal interosseous muscle at 30%MVC. Castronovo and colleagues (15) showed an 486 

increase only for δ, α frequency bands of the tibialis anterior muscle after 20% and 50%MVC, respectively, 487 

which was explained to be caused by the higher level of activity of the supraspinal and spinal pathways 488 

(i.e. increased input to the motoneuronal pool). This contrasts with what found in the current work and 489 

such discrepancies might highlight muscle or task specific changes in motor unit coherence. 490 

 491 

Limitations and methodological concerns 492 

There are some limitations within the current study that should be discussed. The first, is that we 493 

were unable to extract motor units in a reliable way during the fatiguing tasks and therefore it was not 494 



possible to firmly establish potential cause-effect relationships between corticospinal response and motor 495 

unit behaviour. In addition, the process of motor unit extractions during fatiguing tasks remains a 496 

significant challenge and requires further optimisation. Fatiguing tasks are well known to induce 497 

substantial changes in the EMG spectrum, thus negatively affecting the identification of motor units by 498 

decomposition algorithms (82).  499 

A second limitation is that it was not possible to track individual motor units prior to, and after 500 

the fatiguing tasks or across both experimental sessions. This approach introduced by Martinez-Valdes et 501 

al. (14) is based on a tracking across time the motor unit spike times which is based on the spatiotemporal 502 

filters built and tracked interactively by the blind source separation. However, we were not able to track 503 

individual motor units, most probably as consequence of the profound changes in motor unit action 504 

potential shape induced by the fatiguing tasks or movement artefacts in the lower limb muscles. 505 

Therefore, our findings are based on groups of different motor units across sessions rather than acute 506 

changes of individual motor units.  507 

It should also be acknowledged that despite large locomotor muscles being a better 508 

representative of many daily life activities, they still represent a challenge for HDsEMG decomposition 509 

algorithms. The lower number of motor units identified in the vastus lateralis compared to other muscles 510 

(e.g. first dorsal interosseous or tibialis anterior muscles) has been previously reported with the 511 

decomposition method (83). The differences in muscle architecture, amount of tissue between muscle 512 

and EMG electrodes, physiological noise, as well as interindividual differences caused a great deal of 513 

heterogeneity in the number of identified motor units for each participant. Therefore, our conclusions are 514 

based on a relatively small proportion of the total number of active motor units; perhaps a larger number 515 

of arrays might help to capture a better picture given the size of the muscle. Notwithstanding, these data 516 

do provide novel insights into the behaviour of these locomotor muscles under fatiguing conditions. These 517 

methodological aspects have been discussed by previous authors as it represents a limiting factor to 518 

understand acute changes of motor units’ properties in fatigue state. (82, 83). 519 

This study employed two distinct tasks to discern how motor unit firing characteristics responded 520 

to high and low intensity contractions. By nature, these two tasks resulted in different levels of voluntary 521 

EMG at the onset of, and during contraction. Whilst MEPs normalised to background EMG show divergent 522 

responses during high and low intensity contractions (Fig. 3C), one cannot be completely confident that 523 

the differing levels of neural drive between the two tasks were not the mechanisms underpinning the 524 

divergent response, rather than intrinsic properties of the corticospinal tract. Alternate approaches to 525 

studying evoked responses during fatiguing contractions have been employed to counter this (i.e., 526 

constant-EMG tasks, (25, 84), however that the present study aimed to manipulate the surface EMG 527 

response (Fig. 3B) to study the underpinning changes in motor unit recruitment and firing properties (Fig. 528 

5), this approach was not possible in the present study. 529 

Finally, this study only tested male participants, and given the known sex differences in exercise-530 

induced fatigue, the data cannot be generalised to females (85). Females are well known to have lower 531 

number of MUs detectable compared to males. A recent work by Taylor et al. (86) showed that on average, 532 

males yielded nearly twice the amount of MUs as females when measured in non-fatigued muscle. Further 533 

investigation is required to study potential sex differences in motor unit behaviour (87), but also to 534 

improve the yield of motor units that are detectable by HDsEMG in female populations (86).  535 

Conclusion 536 

In summary, this study further demonstrated that fatiguing exercise at different intensities 537 

produced distinct changes in neuromuscular functions. High intensity exercise induced a greater reduction 538 

in maximal force production and impairments in contractile function whilst central fatigue was not 539 

affected by exercise intensity. During exercise, high-intensity contractions impaired the corticospinal 540 



excitability compared to low-intensity contractions whilst spinal excitability increased during the high- 541 

intensity contraction. Motor unit discharge rate increased following fatiguing exercise, but it was not 542 

affected by exercise intensity. Recruitment, derecruitment threshold, and coherence properties of motor 543 

units were also not affected by exercise. Based on our findings, mechanisms occurring at spinal level is 544 

likely the main contributors to the changes in motor unit behaviour during fatiguing tasks. 545 
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  766 



FIGURE LEGENDS 767 

Fig. 1. Overview of the experimental design and the experimental procedures performed. Maximal 768 

voluntary contraction (MVC), motor units (MUs).  769 

 770 

Fig. 2. Neuromuscular function following both fatiguing tasks. Bar plots representing the average with 771 

data points representing individual data for maximum voluntary contraction (MVC, Panel A), voluntary 772 

activation (VA) measured with motor nerve stimulation (Panel B) and potentiated knee-extensor twitch 773 

force (Qtw,pot, Panel C). All parameters are expressed as decrease in percentage from baseline. * 774 

Significantly different from 20%MVC task (p < 0.05). Values are means ± SD for 13 participants. 775 

 776 

Fig. 3. Force profile and electromyography activity of the vastus lateralis. Force produced expressed as 777 

percentage of the maximal voluntary contraction (Panel A), Vastus lateralis Root Mean Square 778 

Electromyography activity (VL rmsEMG) expressed as percentage of the rmsEMG (Panel B) throughout the 779 

20%MVC (in red) and 70%MVC task (in blue). # Denotes a condition × time interaction (p ≤ 0.001). † 780 

Significantly different from 20%MVC (p < 0.001); * Significantly different from Early to Mid (p < 0.05); ** 781 

Significantly different from Mid to End (p < 0.05); *** Significantly different from Early to End (p < 0.05). 782 

Values are means ± SD for 13 participants. 783 

 784 

Fig. 4. Corticospinal response during both fatiguing tasks. Motor evoked potentials normalised to the 785 

maximal motor response (MEP/Mmax, Panel A), Lumbar-evoked potentials elicited in the silent period (SP) 786 

after transcranial magnetic stimulation (TMS) normalised to the maximal motor response (LEP/Mmax, 787 

Panel B), MEP/Mmax normalised to the background root mean square electromyography activity 788 

([MEP/Mmax]/rmsEMG, Panel C), Motor evoked potentials (SP-LEP/MEP, Panel D) throughout the 20%MVC 789 

(in red) and 70%MVC task (in blue). ‡ Denotes a main effect of condieon (p < 0.001); $ Denotes a main 790 

effect of time (p ≤ 0.05); # Denotes a condition × time interaction (p ≤ 0.042). † Significantly different from 791 

20%MVC or 70%MVC (p < 0.001); * Significantly different from Early to Mid (p < 0.05); ** Significantly 792 

different from Mid to End (p < 0.05); *** Significantly different from Early to End (p < 0.05). Values are 793 

means ± SD for 13 participants. 794 

 795 

Fig. 5. Motor unit discharge rate before and after both fatiguing tasks. Bar plots representing the average 796 

with data points representing individual data for motor unit discharge rate assessed during the 797 



recruitment phase (Panel A), during the steady phase (Panel B), during the de-recruitment phase (Panel 798 

C) and across the whole ramp (Panel D) for both tasks measured at Pre-task and Post-task. *Significantly 799 

different at Post-task (p < 0.05). Values are means ± SD for 10 participants. 800 

 801 

Fig. 6. Estimated neural drive-to-muscle gain. Scatter plots (A and B) representing the association between 802 

the change in voluntary force as percentage of the MVC performed at Pre-task (x-axis, ΔFORCE) and 803 

change in motor unit discharge rate during the steady phase of the isometric ramp contractions (y-axis, 804 

ΔDischarge rate) in both tasks. Bar plots (Panel C) shows the average ΔFORCE. Scatter plots (D and E) 805 

representing the association between the change in voluntary force as percentage of the MVC performed 806 

at Post-task (x-axis, ΔFORCE) and change in motor unit discharge rate during the steady phase of the 807 

isometric ramp contractions (y-axis, ΔDischarge rate) in both tasks. Bar plots (Panel F) shows the average 808 

ΔFORCE. Scatter plots (G and H) representing the association between the change in voluntary force as 809 

percentage of the MVC (x-axis, ΔFORCE) and change in motor unit discharge rate during the steady phase 810 

of the isometric ramp contractions (y-axis, ΔDischarge rate) in both tasks. Bar plots (Panel I) shows the 811 

average ΔFORCE. *Significantly different at Post-task (p < 0.05). Values are means ± SD for 10 participants. 812 

  813 



TABLES 814 

Table 1. VL rmsEMG of short and long duration ramps during the steady state phase 815 

*Significantly different at Post-task (p < 0.05). Values are reported as means ± SD for 13 participants. 816 

Table 2. Motor unit recruitment and de-recruitment threshold 817 

Values are reported as means ± SD for 11 participants. 818 

Table 3. Motor unit coherence 819 

Frequency band 20%MVC 70%MVC 

δ-band (1–5 Hz) −0.001 ± 0.14 −0.099 ± 0.131 

α-band (5–10 Hz) 0.033 ± 0.068 −0.028 ± 0.057 

β-band (10–30 Hz) 0.015 ± 0.036 −0.012 ± 0.026 

γ-band (30–80 Hz) −0.004 ± 0.03 −0.008 ± 0.048 

Total area (1-80 Hz) 0.536 ± 0.196 0.427 ± 0.215 

Values are reported as means ± SD and expressed as change from baseline for 9 participants. 820 

 20%MVC 70%MVC 

 Pre-task Post-task Pre-task Post-task 

Short duration ramps 

(%MVC) 
19.24 ± 1.58 25.78 ± 1.94* 19.43 ± 2.24 24.32 ± 1.89* 

Long duration ramps 

(%MVC) 
14.07 ± 2.22 20.34 ± 2.10* 14.5 ± 2.85 20.35 ± 3.09* 

 20%MVC 70%MVC 

 Pre-task Post-task Pre-task Post-task 

Recruitment 

threshold (N) 
52.53 ± 18.32 63.30 ± 38.78 50.25 ± 15.24 50.23 ± 18.84 

De-recruitment 

threshold (N) 
65.83 ± 22.31 69.63 ± 31.59 61.80 ± 23.11 57.45 ± 21.63 















Neural and motor unit response to fatiguing 

exercise at difference intensities

METHODS

T8

L1

HDsEMG

Assessment of neuromuscular function, 

neural response and motor unit 

behaviour, before, during and after 

fatiguing exercise.

N = 13  healthy adults

Isometric fatiguing task

20% MVC (to failure)

70% MVC (2 mins)

OUTCOME

CONCLUSION
• Adjustments at the cortical and spinal level are responsible for the increase in motor unit discharge rate.
• Increased neural inputs together and motor unit discharge rate compensate the reduced contractile function 

of the muscle.
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