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ABSTRACT  26 

A bout of maximal lengthening contractions is known to produce muscle damage, but confers 27 

protection against subsequent damaging bouts, both of which tend to be lower in older adults. 28 

Neural factors contribute to this adaptation, but the role of processes along the corticospinal 29 

pathway remains unclear. Twelve young (27±5 yrs) and eleven older adults (66±4 yrs) 30 

performed two bouts of 60 maximal lengthening dorsiflexions two weeks apart. 31 

Neuromuscular responses were measured pre, immediately-post and at 24 and 72 hours 32 

following both bouts. The initial exercise bout resulted in prolonged reductions in maximal 33 

voluntary torque (MVC; immediately post-exercise onwards, p<0.001) and increased creatine 34 

kinase (from 24 h-post onwards, p=0.001), with both responses being attenuated following the 35 

second bout (p<0.015), demonstrating a protective effect. The reduction in MVC following 36 

both bouts was smaller in older adults (p=0.005). Torque variability (p≤0.041) and H-reflex 37 

size (p=0.024) increased, whilst intracortical inhibition (SICI; p=0.019) and the silent period 38 

duration (SP) decreased (p=0.001) in both groups immediately post-exercise. The SP decrease 39 

immediately post-exercise was smaller following the second bout (p=0.021), and there was an 40 

association between the change in SICI and reduction in MVC 24 h post-exercise in young 41 

adults (R=−0.47, p=0.036). Changes in neurophysiological responses were limited to 42 

immediately post-exercise, suggesting a modest role in adaptation. Changes in neural 43 

inhibition in young are linked to the extent of MVC reduction, possibly mediated by the 44 

muscle damage-related afferent feedback. Importantly, older adults incurred less muscle 45 

damage, which has implications for exercise prescription in older age. 46 

Key words: aging, corticospinal excitability, eccentric, H-reflex, repeated bout, TMS.  47 

 48 

 49 



NEW & NOTEWORTHY  50 

This is the first study to have collectively assessed the role of corticospinal, spinal and 51 

intracortical activity in muscle damage attenuation following repeated bouts of exercise in 52 

young and older adults. Lower levels of muscle damage in older adults are not related to their 53 

neurophysiological responses. Neural inhibition transiently changed, which might be related 54 

to the extent of muscle damage; however, the role of processes along the corticospinal 55 

pathway in the adaptive response is limited.  56 

  57 



INTRODUCTION 58 

A bout of unaccustomed maximal lengthening contractions produces structural damage to 59 

muscle fibres and the extracellular matrix, resulting in impaired neuromuscular function 60 

following exercise (56, 72). This is accompanied by an immediate reduction in voluntary and 61 

electrically-evoked force production, which persists for several days after exercise (83, 87). 62 

Despite the negative consequences that accompany a bout of unaccustomed lengthening 63 

contractions, this type of exercise provides a protective effect against subsequent bouts as 64 

evidenced by attenuation of torque loss, soreness and other muscle damage indices (36, 71). 65 

This phenomenon is commonly referred to as the repeated bout effect (RBE) and has been 66 

attributed to mechanical, cellular and neural factors (for review see Ref. 39). 67 

Whilst studies have tended to focus on peripheral factors in response and adaptation to 68 

damaging exercise, the neural contribution remains far less explored. Following a bout of 69 

unaccustomed maximal lengthening contractions, a reduction in voluntary activation using 70 

motor nerve (30, 83) and transcranial magnetic stimulation (TMS; 30) has been observed, 71 

suggesting a neural contribution (36). Further evidence of neural adjustments in response to 72 

damaging exercise is exhibited by observed impairments in proprioception (6, 9), alterations 73 

in the force-electromyography (EMG) relationship (83, 89, 106), increased torque variability 74 

(89, 106), and modulation of motor unit behaviour (88), including increased motor unit 75 

synchronisation (16) and decreased recruitment threshold (16). However, if the damaging 76 

bout of exercise is repeated, the alterations in voluntary activation and motor unit behaviour 77 

are attenuated (15, 30, 36), suggesting modulation of spinal and supraspinal inputs to the 78 

motoneuron pool. However, the exact origin of the synaptic input causing adaptation at the 79 

level of the motoneuron pool is unclear (39). Animal data showed elevated brain cytokines 80 

following damaging exercise (8), and experiments in humans have suggested that modulation 81 

in cortical networks such as reduced intracortical inhibition (78) and increased somatosensory 82 



cortical excitability (59) might occur. However, it remains unknown whether the 83 

abovementioned neurophysiological responses following damaging exercise would differ if 84 

the bout of exercise was repeated, when disruptions in peripheral biochemistry are expected to 85 

be smaller. 86 

Another factor that is known to affect neuromuscular properties and could mediate the 87 

response to damaging exercise is age. Typically, healthy aging is accompanied by an age-88 

related decrease in voluntary isometric strength (e.g. Ref. 77). However, there appears to be a 89 

preservation of this strength during lengthening contractions in older adults (82) and hence  90 

using lengthening contractions has been suggested to be a well-suited training stimulus for 91 

older adults (84). Despite this, older adults appear to exhibit a smaller manifestation of the 92 

RBE (31, 49), which could be related to the reduced capacity for neuromuscular adaptation. 93 

Indeed, healthy aging is characterised by many central nervous system (CNS) adjustments, 94 

including alterations in synaptic input during dynamic contractions originating from spinal 95 

and supraspinal centres (73, 93). These include increased inhibitory and decreased excitatory 96 

neurotransmitter activity in the motor cortex (62, 73), which have been linked to a reduction 97 

in the capacity for neural adaptation (11, 65). This capacity might be further impaired in older 98 

adults due to altered cortical sensorimotor integration of afferent input (95), which is 99 

attenuated following the release of inflammatory cytokines associated with muscle damage 100 

(8). Thus, discerning the aetiology of neuroplastic impairment in the elderly is important for 101 

informing neurorehabilitation (18), motor learning (86, 97) and adaptation to exercise (107).  102 

The age-related alterations in CNS also result in impairments in motor function, including the 103 

ability to control force output (for review see Ref. 23), which has important implications in 104 

performance of functional daily tasks (24, 32, 58) and incidence of falls (43, 108). For 105 

example, older adults typically exhibit greater torque variability, particularly during dynamic 106 

contractions (45, 46, 93). Torque variability is increased following damaging exercise in 107 



younger populations (89, 106). Whilst not investigated in older population, if similar or 108 

exaggerated increases in torque variability are shown, this could have implications for 109 

performance of daily tasks, such as greater risk of falls (10), following damaging exercise.  110 

Accordingly, the present study aimed to: 1) assess neurophysiological (intracortical, 111 

corticospinal and spinal) responses following damaging exercise; 2) assess the 112 

neurophysiological contribution to the RBE; and 3) compare the extent of muscle damage and 113 

the associated modulation of neurophysiological responses and torque variability between 114 

young and older adults. We hypothesised that damaging exercise will modulate 115 

neurophysiological responses, but this modulation will be of smaller magnitude following the 116 

repeated bout. Given the alterations in sensorimotor integration with advanced age, we also 117 

hypothesised that older adults will exhibit a smaller RBE.  118 

  119 



METHODS 120 

Participants 121 

Twelve young (27 ± 5, range 21-35 years; 180 ± 7 cm, 77.2 ± 9.6 kg; 2 females) and 11 older 122 

(66 ± 4, range 61-73 years; 177 ± 13 cm, 75.3 ± 12.1 kg; 3 females) adults took part in the 123 

study. Individuals were considered for the ‘older’ group if they were over 60 years of age 124 

(38). Participants were instructed to refrain from strenuous exercise for 48 hours before the 125 

first visit to the laboratory and throughout the duration of the study, and alcohol and caffeine 126 

for 24 and 12 hours before the visits to the laboratory, respectively. Prior to taking part in the 127 

study, participants responded to a questionnaire for contraindications to TMS (42) and a 128 

health screening questionnaire to ascertain contraindications to participation. The exclusion 129 

criteria included any neurological or neuromuscular disorders, musculoskeletal injury that 130 

may attenuate the ability to produce torque, taking any medication known to affect the 131 

nervous system and having any metal material in their body. To minimise the influence of sex 132 

hormones on TMS-induced responses (96), premenopausal females were only recruited if 133 

they were taking a monophasic contraceptive pill (2) and were only tested on the days of pill 134 

consumption. The study conformed to the standards of Declaration of Helsinki. Participants 135 

eligible for the study gave written informed consent prior to any element of the study 136 

proceeding. All procedures were approved by Northumbria University Ethics Committee. 137 

 138 

Experimental protocol 139 

Participants visited the laboratory seven times throughout the duration of the study, at the 140 

same time of day (±1 h) to limit diurnal variations (100). The purpose of the first session was 141 

familiarisation with the experimental procedures. Following familiarisation, participants 142 

returned to the laboratory to perform a bout of maximal lengthening contractions. Before, 143 



immediately after, and 24 and 72 hours post the exercise bout, assessment of neuromuscular 144 

function was performed (Figure 1) including isometric maximal voluntary contraction 145 

(MVC), followed by assessment of torque variability at 5 and 20% isometric MVC, H-reflex, 146 

and responses to TMS (randomised order). Half of the sample in each group exercised with 147 

their dominant limb, whilst the other half of the sample exercised with their non-dominant 148 

limb (pseudorandomised) as per the lateral preference inventory (13) to discount the influence 149 

of limb dominance. Indeed, a separate analysis taking into account limb dominance showed 150 

no difference in measures of isometric MVC torque across all time points (p = 0.297). The 151 

whole protocol was repeated two weeks post the initial visit, including the exercise bout to 152 

assess the adaptive neural response.  153 

 154 

Procedures 155 

The bout of maximal lengthening contractions 156 

The exercise bout consisting of maximal lengthening contractions was performed on an 157 

isokinetic dynamometer (Biodex System 4 Pro, New York, USA). Participants sat with hip 158 

and knee at 60 and 110° flexion, respectively. The foot was strapped securely to a metal plate 159 

attached to the lever arm of the motor with a velcro strap at the level of the talus and phalange 160 

bones, with particular attention made to minimise extraneous toe movement. The distal part of 161 

the thigh was strapped down with velcro to minimise abduction, adduction and flexion of the 162 

hip. Participants were instructed to focus solely on dorsiflexion and activation of tibialis 163 

anterior (TA). Visual feedback of the target torques was provided with a monitor placed 164 

approximately 1.5 m from the participant. Participants were required to perform 10 sets of 6 165 

maximal lengthening contractions throughout 40° range of motion (from 10° dorsiflexion to 166 

30° plantar flexion) by maximally resisting the motor of the device moving at 15°·s−1 and 167 



then relaxing throughout the passive dorsiflexion (shortening) phase. The exercise was 168 

performed through the identical participant-specific range-of-motion across both bouts to 169 

match the muscle length and muscle strain between the bouts.  170 

 171 

Experimental setup 172 

During the assessment of neuromuscular function, participants remained in the same 173 

dynamometer position as during exercise, but with the ankle fixed at anatomical zero (90°). 174 

Measures were performed on the limb that was exercised. This position was replicated during 175 

each visit to the laboratory to ensure consistent inferred muscle length to avoid influencing 176 

neural responses. Isometric MVC was performed twice separated by 30 seconds of rest. If the 177 

greatest instantaneous torque values differed for more than 5%, a third trial was performed. 178 

Verbal encouragement and real-time visual torque feedback was provided to ensure reliability 179 

of MVC recordings (28). All subsequent contractions with stimulations were performed at 180 

10% isometric MVC (7).  181 

 182 

Constant torque task  183 

To investigate the effect of a bout of maximal lengthening contractions on torque variability, 184 

participants were asked to match the torque level to a horizontal line on the screen in front of 185 

them that was equal to 5 and 20% of isometric MVC and maintain torque production as close 186 

to the horizontal line as possible for 15 seconds. In the assessments post exercise, the constant 187 

torque task was performed with participants contracting at 5 and 20% isometric MVC. 188 

Additionally, participants performed a constant torque task at 20% isometric MVC relative to 189 

pre-exercise (absolute) isometric MVC. The absolute torque-matching at time points 190 

following exercise was only performed for 20% isometric MVC since pilot testing indicated 191 



that the difference between relative and absolute values for lower contraction intensities was 192 

within the measurement error of isometric MVC. The location of the horizontal line on the 193 

screen remained constant across participants by alterations in the gain of the y-axis (−10 to 194 

110% of participant’s MVC). The specific torque intensities were chosen as previous work 195 

indicated that following a bout of maximal lengthening contractions, torque variability 196 

changes are greater during low level contractions (89). Furthermore, any differences between 197 

young and older individuals are likely to be the greatest at, and possibly confined to, lower 198 

level contractions (e.g. Ref. 102).  199 

 200 

Surface electromyography 201 

Electromyographic (EMG) activity was recorded with a bipolar electrode arrangement (8 mm 202 

diameter, 20 mm inter-electrode distance; Kendall 1041PTS, Tyco Healthcare Group, USA) 203 

over the muscle belly of TA with the ground electrode placed over the lateral malleolus. The 204 

electrodes were placed according to SENIAM recommendations (34), at one-third of the 205 

length between the tip of the fibula and the tip of the medial malleolus. Prior to placement of 206 

electrodes, the recording site was shaved, abraded with preparation gel and wiped clean with 207 

an alcohol swab to ensure appropriate impedance (< 2 kΩ). The EMG signal was amplified 208 

(×1000), band pass filtered (20-2000 Hz; Neurolog System, Digitimer Ltd, UK), digitised (5 209 

kHz; CED 1401, CED, UK), acquired and analysed offline (Spike2, v8, CED, UK). 210 

 211 

Transcranial magnetic stimulation 212 

Single and paired-pulse TMS were delivered using two magnetic stimulators (2002 and 213 

BiStim; Magstim Co., Ltd., Whitland, UK; maximal output of ~1.4 T) connected to a concave 214 

double-cone coil (110 mm diameter) positioned over the primary motor cortex with the 215 



posterior-to-anterior oriented current. Initially, the coil was positioned over the reported 216 

optimal spot for stimulation of the TA muscle, roughly 0.5-1 cm lateral, and posterior, to the 217 

vertex (17). The coil was then moved in small steps around the initial position until the spot 218 

capable of evoking the biggest motor evoked potential (MEP) in TA was found (hotspot). 219 

Once identified, the location of the back of the coil was marked directly on the scalp with a 220 

permanent marker to ensure consistent placement across trials. The initial hotspot remained 221 

consistent throughout the assessments before and immediately, 24 h, and 72 h after the first 222 

bout of exercise, but was re-determined prior to the second bout of exercise. Following 223 

hotspot localisation, active motor threshold (AMT) was determined at 10% of isometric MVC 224 

with the ankle positioned at anatomical zero and defined as the intensity eliciting MEP 225 

amplitude ≥ 200 µV in 3 out of 5 trials (44). AMT was determined at the start of each 226 

individual assessment and did not differ between young and older individuals (38 ± 4 vs. 49 ± 227 

4% of stimulator output, p = 0.057) or across visits (p = 0.287). Single pulse TMS was always 228 

delivered at an intensity of 1.2 × AMT as it lies on the middle portion of the ascending part of 229 

the stimulus-response curve (33) and is thus sensitive to changes in corticospinal excitability. 230 

The conditioning stimuli of paired-pulse paradigms were performed at intensities of 0.7 and 231 

0.6 × AMT at inter-stimulus intervals of 2 and 10 ms for SICI and ICF, respectively (7). Ten 232 

single and ten paired stimuli were delivered in an alternating fashion during 10% isometric 233 

MVC, with the mean of 10 responses taken as a representative value.  234 

 235 

Percutaneous nerve stimulation 236 

Percutaneous electrical stimuli (1 ms pulse duration; Digitimer DS7AH, Hertfordshire, UK) 237 

over the fibular nerve (40 mm cathode/anode arrangement; Digitimer, Hertfordshire, UK) 238 

were performed to evoke H-reflex and M-wave in TA. Upon localization of the optimal site, it 239 

was marked with a permanent marker and the stimulating electrode was strapped to the 240 



participant’s leg. The H-M recruitment curve was constructed during 10% isometric MVC by 241 

gradually increasing the intensity from H-reflex threshold by 0.5 mA increments to maximal 242 

H-reflex every 3 pulses. Once the H-reflex amplitude started to decrease after three 243 

consecutive increases in intensity, the amperage was increased in bigger steps (3 mA) until 244 

the EMG response plateaued. After that, the intensity was further increased by 30% to ensure 245 

supramaximal stimulation eliciting maximal compound action potential (Mmax). The intensity 246 

required to elicit Mmax was lower for young, compared to older individuals (30 ± 4 vs. 50 ± 5 247 

mA, p = 0.003), but did not differ across visits (p = 0.614). 248 

 249 

Creatine kinase 250 

Fingertip capillary blood samples (30 µl) were obtained at each time point and were 251 

immediately assayed for creatine kinase (CK) concentration based on reflectance in an 252 

automated system (range: 24.4 – 1500 IU.L-1, coefficient of variation: 0.5% of reflectance; 253 

Reflotron, Roche Diagnostics, Germany). Due to technical issues, samples from 2 older 254 

individuals could not be analysed. 255 

 256 

Data analysis 257 

MVC and work. The greatest instantaneous torque value was taken as MVC. Peak torque 258 

(N.m) and total work (J) performed were recorded during each bout. Total work was also 259 

calculated for each set of maximal lengthening contractions. Additionally, total work during 260 

each bout was normalised to individual’s body mass. Because rotational forces change with 261 

body size due to cross-sectional area (body mass to the power of 2/3) and the change in lever 262 

arm (body mass of the power of 1/3) of the muscle, the allometric parameter of 1 was used to 263 

calculate total work done relative to body mass (40). 264 



Evoked potentials. Peak-to-peak amplitudes of the evoked responses were calculated. MEPs 265 

and H-reflexes were expressed relative to Mmax. SICI and ICF measures were quantified as a 266 

ratio between unconditioned and conditioned MEP amplitude. An increase in this ratio 267 

indicates a reduction in intracortical inhibition (SICI) and an increase in facilitation (ICF). 268 

The silent period duration following a MEP response was calculated from the stimulus 269 

artefact to the return of continuous EMG activity based on visual inspection (94). Voluntary 270 

EMG activity was quantified as root-mean-square EMG activity in the period 100 ms before 271 

stimulation was delivered and was normalised to Mmax (RMS/Mmax; 49). 272 

Torque variability. Torque variability was quantified from the 10 seconds in the middle 273 

portion of the 15-second constant torque task (from 2.5 to 12.5 s) as the standard deviation 274 

(SD) and the coefficient of variation of torque (CV = [SD of torque / mean torque] * 100). 275 

EMG activity during torque-matching tasks was quantified as RMS in the same 10-second 276 

epoch where torque variability was assessed, and expressed relative to RMS during 500 ms 277 

around peak isometric MVC (RMS/RMSmax). 278 

Statistical analyses. All analysis was performed using SPSS (v20, SPSS Inc., Chicago, IL, 279 

USA). Normality of data was assessed using Shapiro-Wilks test. If the data were not normally 280 

distributed, transformation using common logarithm was performed. Two significant outliers 281 

were identified via studentised residuals (> 3) in the young group for SICI and one for ICF, 282 

and were excluded from further analyses. Sphericity was assessed using Mauchly’s test of 283 

sphericity. In the case of violation, a Greenhouse-Geisser correction was employed. 284 

Differences in responses between groups to different bouts over time were assessed using 2 × 285 

2 × 4 ANOVA (age × bout × time). A 2 × 2 ANOVA (age × bout) was used to assess the 286 

differences in peak lengthening MVC torque and total work performed between the two bouts 287 

of exercise. A 2 × 2 ANOVA (age × bout) was also used to assess differences between young 288 

and older adults at baseline. If significant interactions or main effects were found, the analysis 289 



was continued using pairwise comparison with Bonferroni correction. To investigate the 290 

differences in adaptability (RBE) between young and older adults, the difference in isometric 291 

MVC from baseline to 24 and 72 hrs post-exercise for the second bout was divided by the 292 

difference in this measure following the first bout, and assessed using an independent samples 293 

T-test (51). To assess the neural contribution to exercise-induced disruption in neuromuscular 294 

function (isometric MVC) immediately and 24 h post-exercise, linear regression analyses 295 

were performed. Significance was set at alpha level of 0.05. Data are presented as mean ± SD, 296 

unless the data were transformed, in which case the geometric mean ± SD are presented. 297 

 298 
Reliability. Neuromuscular responses are known to exhibit inherent variability. As such, 299 

interpreting the results within statistical measures of error has been recommended, allowing 300 

the contribution of real change and random variation to potential changes in neuromuscular 301 

function to be distinguished (27). For that reason, the baseline responses from each bout were 302 

used to determine test-retest reliability of electrophysiological and mechanical variables. 303 

Typical error (TE) was calculated for the main variables of interest as the standard deviation 304 

of mean differences between the two pre-exercise values divided by the square root of 2, and 305 

was expressed as both absolute and relative (rTE) values (percentage of the mean). Bias 306 

between the two pre-exercise scores was assessed using paired samples T-test. Reliability 307 

indices for main variables of interest are displayed in Table 1.  308 



RESULTS 309 

Age differences at baseline 310 

Younger individuals displayed greater isometric MVC compared to the older (F1, 21 = 5.2, p = 311 

0.032, ηp
2 = 0.20; Table 1), and lower torque variability during an isometric constant torque 312 

task at 5% (F1, 21 = 11.7, p = 0.003, ηp
2 = 0.36) and 20% isometric MVC (F1, 21 = 4.4, p = 313 

0.048, ηp
2 = 0.17). There were no age-related differences in peak lengthening MVC (p = 314 

0.178), lengthening to isometric MVC ratio (p = 0.194), RMS/Mmax (p = 0.065), Mmax (p = 315 

0.096), Hmax/Mmax (p = 0.787), MEP/Mmax (p = 0.080), SICI (p = 0.672), ICF (p = 0.233) and 316 

SP (p = 0.370).  317 

 318 

Exercise performance and markers of muscle damage 319 

Following the initial bout of maximal lengthening contractions there was a significant 320 

reduction in isometric MVC torque (F2.1, 43.8 = 75.8, p < 0.001, ηp
2 = 0.78), with the greatest 321 

reduction observed immediately post exercise after the initial bout regardless of age (young: 322 

~28% reduction, Figure 2A; older: ~22% reduction, Figure 2B; p < 0.001 for both). The 323 

isometric MVC remained lower in young compared to older adults in the days following the 324 

exercise bout (age × time interaction: F2.1, 43.8 = 6.0, p = 0.005, ηp
2 = 0.22). However, a 325 

smaller reduction in isometric MVC was demonstrated following the second bout of exercise 326 

in both groups (bout × time interaction: F3, 63 = 4.1, p = 0.011, ηp
2 = 0.16). The RBE was 327 

similar between young and older adults as assessed by the relative difference in isometric 328 

MVC decline between bouts at 24 (90 vs. 91%; p = 0.768) and 72 hrs post-exercise (92 vs. 329 

97%; p = 0.234). 330 

The mean total work done across both damaging bouts in young adults was 5973 ± 1028 J, 331 

whereas older individuals did 4862 ± 1320 J.  These values did not differ between the two 332 

bouts of exercise (F1, 21 = 0.9, p = 0.360, ηp
2 = 0.40) or age groups (F1, 21 = 3.5, p = 0.076, ηp

2 333 



= 0.14; Figure 2C and 2D). During both bouts, work decreased progressively across sets 334 

(main effect of time: F3.2, 67.2 = 24.8, p < 0.001, ηp
2 = 0.54), but the decline did not differ 335 

between the groups (age × time interaction: F3.8, 79.5 = 0.47, p = 0.750, ηp
2 = 0.02). On the 336 

other hand, when total work was normalised to body mass, younger adults (75 ± 10 J.kg-1) 337 

exhibited higher values compared to older (64 ± 12 J.kg-1; main effect of age: F1, 21 = 5.6, p < 338 

0.028, ηp
2 = 0.21). 339 

An increase of CK concentration was observed following maximal lengthening contractions 340 

in both groups (F1.5, 28.7 = 10.4, p = 0.001, ηp
2 = 0.35). The CK kinetics were different between 341 

the two exercise bouts (bout × time interaction: F1.3, 25.0 = 2.3, p = 0.014, ηp
2 = 0.25), such that 342 

there was an increase in CK levels at 24 (p = 0.030) and 72 hours (p = 0.012) after the first 343 

bout, but only 24 hours (p = 0.014) and not 72 hours (p = 0.097) after the second bout (Table 344 

2). The CK increase was also greater 24 hours following the first compared to the second bout 345 

(p = 0.029). There were no group differences. 346 

 347 

Corticospinal and spinal responses and adaptation 348 

There were no differences in prestimulus EMG activity across different time points or 349 

between the age groups (p ≥ 0.106; Table 2). Hmax/Mmax was modulated in response to the 350 

bouts of maximal lengthening contractions (main effect of time: F3, 63 = 3.4, p = 0.024, ηp
2 = 351 

0.14), such that it increased immediately post exercise relative to other time points (p = 0.025 352 

– 0.039; Figure 3A and 3C). No differences were observed for Mmax across all time points (p 353 

≥ 0.287; Table 2). 354 

MEP/Mmax was modulated differently between the age groups (age × time interaction: F3, 63 = 355 

6.5, p = 0.001, ηp
2 = 0.24) insofar as it increased at 24 (p = 0.038) and 72 hours (p = 0.011) 356 

post exercise bouts in young (Figure 3B), but remained unchanged in older adults (p ≥ 0.053; 357 

Figure 3D). No differences in MEP/Mmax were observed between the bouts. 358 



Changes in SICI were observed following the two bouts of exercise (main effect of time: F3, 57 359 

= 5.3, p = 0.003, ηp
2 = 0.22); an increase in the ratio of conditioned to unconditioned MEP 360 

was noted immediately post (p = 0.019; Figure 4A and 4C), suggesting reduced intracortical 361 

inhibition. For young individuals, a significant association was found between the post-362 

exercise reduction in SICI and the extent of reduction in isometric MVC torque 24 hours post 363 

exercise (R2 = 0.22, R = -0.47, p = 0.036; Figure 5). However, this association was not 364 

observed in older individuals (R2 = 0.01, R = -0.10, p = 0.645). No other associations were 365 

shown between corticospinal and spinal responses and reductions in isometric MVC 366 

immediately post or in the days following exercise (p ≥ 0.246). SP was modulated in response 367 

to exercise (main effect of time: F3, 63 = 6.3, p = 0.001, ηp
2 = 0.23), such that it decreased 368 

immediately post exercise (p = 0.044), suggesting a reduction in inhibition (Figure 5B and 369 

5D). This modulation of SP was greater during the first compared to the second exercise bout 370 

(main effect of bout: F1, 21 = 6.3, p = 0.021, ηp
2 = 0.23). No differences in ICF were observed 371 

(p ≥ 0.245; Table 2). 372 

 373 

Torque variability 374 

Torque variability was greater in older individuals compared to young at 5% (F1, 21 = 13.8, p = 375 

0.001, ηp
2 = 0.40), relative 20% (F1, 21 = 12.3, p = 0.002, ηp

2 = 0.37) and absolute (F1, 21 = 16.8, 376 

p = 0.001, ηp
2 = 0.44) 20% isometric MVC across all time points. At 5% isometric MVC, 377 

torque variability was modulated differently between the age groups across time points (age × 378 

time interaction: F3, 63 = 3.3, p = 0.027, ηp
2 = 0.13). Post hoc testing showed there was in 379 

increase in torque variability immediately post both bouts of exercise for the older group (p = 380 

0.007, Figure 6D), whereas it increased 24 hours following both bouts of exercise in the 381 

young (p = 0.041; Figure 6A).  At both relative (main effect of time: F3, 63 = 6.4, p = 0.001, ηp
2 382 

= 0.23) and absolute (main effect of time: F3, 63 = 3.4, p = 0.023, ηp
2 = 0.14) 20% isometric 383 



MVC torque variability was modulated in response to exercise. At relative 20% isometric 384 

MVC, torque variability increased immediately post (p = 0.005) and 24 hours following both 385 

bouts of exercise (p = 0.015: Figure 6B and E), whereas it only increased immediately post 386 

exercise following both bouts of exercise at absolute 20% isometric MVC (p = 0.012; Figure 387 

6C and F).  388 

During a constant torque task, RMS/RMSmax was modulated in response to exercise at 5% 389 

(main effect of time: F2.1, 43.1 = 18.0, p < 0.001, ηp
2 = 0.46), relative 20% (F3, 63 = 114.7, p < 390 

0.001, ηp
2 = 0.41) and absolute 20% (F3, 63 = 30.5, p < 0.001, ηp

2 = 0.59) of isometric MVC 391 

insofar it increased immediately post both exercise bouts (p = 0.002, p < 0.001 and p = 0.001, 392 

respectively; Table 2). Across all time points RMS/RMSmax was greater in older compared to 393 

younger individuals at 5% (F1, 21 = 6.8, p = 0.017, ηp
2 = 0.24), relative 20% (F1, 21 = 14.5, p = 394 

0.001, ηp
2 = 0.41) and absolute 20% (F1, 21 = 12.0, p = 0.002, ηp

2 = 0.37) of isometric MVC 395 

(Table 2).  396 

Similarly for RMS/Mmax changes were noted at different time points at 5% (F3, 63 = 5.4, p = 397 

0.002, ηp
2 = 0.21) and absolute 20% (F2.1, 44.9 = 5.3, p = 0.007, ηp

2 = 0.20) of isometric MVC 398 

during a constant torque task, increasing immediately post exercise in both bouts (p = 0.040 399 

and p = 0.004, respectively), regardless of age. Across all time points RMS/Mmax was greater 400 

in older compared to younger individuals at relative (F1, 21 = 5.7, p = 0.026, ηp
2 = 0.22) and 401 

absolute 20% (F1, 21 = 4.6, p = 0.044, ηp
2 = 0.18) of isometric MVC (Table 2). 402 

 403 

  404 



DISCUSSION 405 

The present study assessed corticospinal, spinal and intracortical activity in response to 406 

repeated bouts of maximal lengthening contractions in younger and older adults. A bout of 407 

maximal lengthening exercise caused a reduction in maximal torque, which was greater in 408 

young compared to older individuals. For both groups, this reduction was attenuated 409 

following a repeated bout. Corticospinal and spinal responses were modulated immediately 410 

following bouts of damaging exercise, suggesting that the observed changes were reactive to 411 

the muscle damage, rather than a protective mechanism for the repeated exercise. Older adults 412 

experienced less muscle damage, but this was not related to neurophysiological responses. 413 

These data extend our understanding about the role of the nervous system in muscle damage 414 

and repeated bout effect throughout the life span. 415 

 416 

Exercise-induced muscle damage and the repeated bout effect 417 

A bout of 60 maximal lengthening contractions caused a prolonged reduction in maximal 418 

torque producing capacity regardless of age. This reduction was comparable in magnitude to 419 

that observed previously in dorsiflexors with higher volumes of exercise (150 contractions; 420 

Refs. 67, 85, 86, 90). The lack of change in Mmax suggests that this prolonged depression of 421 

maximal torque is not due to changes in sarcolemma excitability, but rather due to disruption 422 

of excitation-contraction coupling processes (30). Twenty-four hours following exercise, 423 

isometric MVC was still reduced, suggesting that the bout of exercise was indeed damaging 424 

(105), as corroborated by the elevation in plasma CK. Furthermore, the reduction in isometric 425 

MVC was attenuated following the repeated exercise, confirming the occurrence of RBE (30, 426 

36, 39).  427 

The extent of muscle damage was greater in young compared to older individuals. This cannot 428 

be attributed to the total amount of work performed because this did not differ during the two 429 



bouts of exercise between the age groups. However, older adults performed less total work 430 

per body mass, which could have contributed to less damage incurred in this group. The 431 

smaller degree of muscle damage in an aging population has been shown previously (31, 49–432 

51) and attributed to preferential damage of type II fibres, with younger individuals often 433 

exhibiting a greater proportion of such fibres in comparison to older counterparts (67, 68). A 434 

preferential damage of type II fibres due to maximal lengthening contractions has been 435 

reported in animal (25, 54, 104) as well as human studies (26, 41). However, these inferences 436 

have been questioned due to reliance on animal studies and small effect sizes in humans (for 437 

review see Ref. 88). Nevertheless, the expression of RBE was similar between groups, 438 

suggesting that the adaptability of the aging neuromuscular system is preserved in response to 439 

damaging exercise of lower limbs.  440 

 441 

Disruptions in motor performance and muscle activity 442 

Muscle damage resulted in increased torque variability during submaximal isometric 443 

contractions immediately post exercise, as well as 24 hours after, corroborating previous work 444 

(14, 49, 53, 89). This behaviour was observed regardless of age and despite the greater torque 445 

variability of older adults at baseline, that has previously been related to the age-related 446 

increase in variability of the common synaptic input to motoneurons (12, 76). Thus, our 447 

results suggest that control of muscle force is equally perturbed in young and older adults 448 

following damaging exercise. 449 

The increased variability following damaging exercise in the young and older groups could 450 

stem from increased discharge rate variability following exercise (16), or increased variability 451 

of common synaptic input to motoneurons (24) due to prolonged depression of low-frequency 452 

contractile properties (20). At the time of increased torque variability, greater amplitude of H-453 

reflex was also observed. This behaviour could indicate an increase in gain around the short-454 



latency stretch reflex loop (21, 22). Such an increase in gain could also be linked to 455 

concurrent increases in EMG activity post-exercise during a constant torque task (21, 22). The 456 

increased torque variability post-exercise was not dependent on exercise bout or age, 457 

suggesting it is not a variable that is adaptive in this paradigm. Overall, decreased 458 

performance of the constant-torque task and the accompanied increased EMG activity, 459 

together with prolonged reduction in maximal torque producing capacity, suggest that the 460 

incurred muscle damage resulted in alterations in motoneuron pool activity.  461 

 462 

The role of the central nervous system in the adaptive process to damaging exercise 463 

It has been suggested that synaptic input from spinal and supraspinal centres might play a role 464 

in the adaptive process from damaging exercise (39). In the present study, neurophysiological 465 

responses were modulated in response to damaging exercise. Maximal H-reflex increased 466 

immediately following exercise, which agrees with studies performing isometric tasks to 467 

failure (55, 70, 98), but contrasts with studies showing H-reflex depression (103) or lack of 468 

change (74) following shortening and lengthening contractions. This discrepancy could be 469 

explained by methodological (109) or task differences (sustained vs. intermittent, contraction 470 

intensity) among studies. As H reflex only changed transiently post-exercise, and was not 471 

altered during the 72 hrs recovery period following either bout of maximal lengthening 472 

contractions, it is likely that the changes were not involved in the adaptive process(es) 473 

underpinning the RBE, but rather reflected the acute exercise stress. The transient change, 474 

however, could stem from reduced presynaptic inhibition of Ia afferent fibres (70), decreased 475 

recruitment threshold of motoneurons (15, 16), or a combination of these. 476 

Changes in SICI and TMS-induced SP following damaging exercise are consistent with 477 

decreased CNS inhibition. No changes were observed in ICF, which concur with previous 478 

work following isometric contractions to task failure (60), but not others (3, 37, 101). In 479 



young adults, the change in SICI following the first bout of damaging exercise was ~23%, 480 

similar to that observed in biceps brachii following damaging elbow flexion exercise when 481 

measured during a low intensity muscle contraction (78). However, there was only a ~5% 482 

change in SICI that was observed immediately after the second bout of exercise. This 483 

difference in the mean SICI change between the two bouts of exercise (~23 vs. ~5%) was also 484 

larger than the associated measurement error (17.8%; Table 1). The TMS-induced SP showed 485 

a greater decrease in duration following the first exercise bout relative to the second. This 486 

could be related to less damage in the second bout, causing less disruption in the 487 

characteristics of the TMS twitch (30), which has been suggested to potentially influence SP 488 

duration (94). Due to the timing of post-exercise assessment, i.e. within 20 minutes of 489 

exercise, fatigue could explain modifications in CNS inhibition (78). Reductions in 490 

intracortical inhibition have been observed after fatiguing exercise with the upper (4, 37, 60, 491 

99), but not lower limbs (2, 29). Furthermore, SP duration has been shown to increase post 492 

fatiguing single-joint isometric exercise (2, 4, 29) rather than decrease, as seen in the present 493 

study. Thus, the attenuation of the change in SICI and SP following repeated exercise 494 

suggests that this behaviour could be related to the specific exercise task employed in the 495 

present experiment, and the degree of muscle damage induced. Indeed, damaging exercise has 496 

been demonstrated to cause a near-immediate release in biochemical substrates (e.g. 497 

prostaglandin, bradykinin) and inflammation-related factors (e.g. histamine, neuropeptides; 498 

54, 75). Of particular interest is a large efflux of bradykinin that has been demonstrated 499 

immediately post damaging exercise, despite a delayed increase in CK (5), and has been 500 

shown to acutely increase the activity of group III and IV afferents (66). Thus, a change in 501 

SICI following damaging exercise might be a reflection of acute alterations in afferent 502 

feedback in response to damage (78). Since muscle damage was attenuated following the 503 

second bout of exercise, it is likely that disruption to biochemical homeostasis was smaller, 504 



leading to smaller alterations in afferent feedback and thus, smaller modulation in CNS 505 

inhibitory measures. This notion is further supported by a significant association that was 506 

observed between the reduction in intracortical inhibition and the extent of muscle damage 507 

(i.e. reduction in isometric MVC at 24 hours post-exercise) in young adults.  508 

Interestingly, studies investigating the effect of fatigue-related group III and IV afferent 509 

feedback on neurophysiological responses showed an increase in long-interval intracortical 510 

inhibition following cycling exercise (90, 91), rather than a decrease that was observed in the 511 

present study and others (48, 78) following lengthening contractions. However, cycling is an 512 

activity that predominantly consists of shortening, rather than lengthening contractions. Thus, 513 

it is possible that modulation of inhibitory mechanisms is contraction-mode specific, as 514 

suggested by a recent study (48). Alternatively, afferent feedback might mediate specific 515 

inhibitory networks differently. Whilst long-interval intracortical inhibition represents the 516 

activity of gamma-aminobutyric acid (GABA) B-receptors (61), SICI is thought to reflect 517 

GABA-A receptors (52, 110). Thus, increased activity of group III and IV afferents could 518 

upregulate GABA-B receptor activity causing greater inhibition, whereas GABA-A receptors 519 

could be downregulated, resulting in less inhibition. 520 

The acute increase in biochemical substrates such as bradykinin and the associated increase in 521 

chemosensitive muscle afferents have also been shown to alter fusimotor reflexes, exciting the 522 

primary and secondary muscle spindle endings (19, 75). The increased firing of muscle 523 

spindle afferents could, via inhibitory pathways, supress the corticospinal response 524 

immediately post-exercise (35, 92) and contribute to the delayed increase in corticospinal 525 

excitability following damaging exercise as observed in the present study.  526 

Older adults similarly exhibited a reduction in SP duration in response to repeated bouts of 527 

damaging exercise. However, the modulation in SICI was similar between the exercise bouts 528 

(~15 vs. ~13% following bout 1 and 2, respectively), these changes were within the 529 



measurement error, and no association was noted with the extent of damage. This lack of 530 

modulation could be attributed to smaller levels of muscle damage incurred by older adults 531 

and thus, less disruption in biochemical homeostasis. Alternatively, the lack of change in SICI 532 

could be an age-specific response as older adults have been shown to exhibit attenuated 533 

afferent modulation of SICI, possibly due to altered cortical sensorimotor integration of 534 

afferent input (95). 535 

 536 

Methodological considerations 537 

Muscle damage and RBE are complex phenomena, and thought not only to be mediated by 538 

neural factors, but also mechanical and cellular (63). Whilst the latter are equally important in 539 

adjustments of the neuromuscular system following damaging exercise, the aim of the present 540 

study was to explore neural factors, specifically processes along the corticospinal pathway. As 541 

such, the present study cannot directly ascertain the interaction between neural, mechanical 542 

and cellular mediators of muscle damage and repeated bout effect.  543 

The time of assessment immediately post-exercise was performed within 20 minutes 544 

following a bout of maximal lengthening contractions. This makes it difficult to deduce 545 

whether immediate post-exercise modulation in neuromuscular function and 546 

neurophysiological responses is due to damage, exercise-induced fatigue or both. Some 547 

previous investigations have performed assessments 2 hours post-exercise to try and 548 

differentiate between fatigue and damage effects on responses (20, 78). However, the 549 

available evidence also suggests that following maximal sustained isometric contractions, 550 

fatigue-related alterations in responses to TMS return to baseline values within a minute post 551 

exercise (1). Nevertheless, despite not delaying the post-exercise assessment, the differential 552 

changes in certain neurophysiological responses (e.g. CNS inhibition measures) following the 553 



two exercise bouts suggest that those responses are specific to the exercise task performed in 554 

the presented experiment and are likely associated with muscle damage.  555 

There was a significant bias in Mmax between the two baseline scores in young individuals. 556 

Whilst some adaptation from the first bout cannot be excluded as an explanation for the 557 

observed change, it is more likely related to non-physiological factors, such as changes at the 558 

skin-electrode interface (69) or subtle changes in electrode placement. This is further 559 

supported by a lack of bias in measures that were normalised to Mmax, because Mmax 560 

represents the maximal excitation of the muscle that can be recorded, and a change in this 561 

measure will be accompanied by a corresponding change in raw amplitudes of other evoked 562 

responses (e.g. H-reflex and MEP).  563 

The present study examined neurophysiological responses in TA following damaging 564 

dorsiflexor exercise. This specific musculature was studied due to its functional relevance to 565 

locomotion and activities of daily living, particularly in an older population (93). However, 566 

due to smaller muscle mass, the damaging exercise resulted in a relatively small systemic 567 

response (~2-3-fold CK increase 24 h post-exercise) compared to previous studies in biceps 568 

brachii (~10-fold; Ref. 30). Therefore, it is possible that the present findings pertaining to 569 

afferent feedback activity actually underestimate the effect on neural inhibitory measures. 570 

 571 

Conclusion 572 

A bout of damaging maximal lengthening contractions caused a prolonged reduction in 573 

voluntary torque-producing capacity, which was smaller and recovered faster after the second 574 

bout of exercise, confirming the RBE. Neurophysiological responses were modulated 575 

following damaging exercise. The reduction in CNS inhibition following damaging exercise 576 

might be associated with changes in afferent feedback as a result of muscle damage, but this 577 

was observed only in young individuals, possibly due to age-related changes in cortical 578 



sensorimotor integration of afferent feedback. However, changes in neurophysiological 579 

responses were transient, not paralleling the prolonged reduction in voluntary torque 580 

producing capacity. Thus, the nervous system processes along the corticospinal pathway and 581 

within the intracortical circuitry play a limited role in the adaptive response to damaging 582 

exercise. The extent of muscle damage was smaller in older adults, but the expression of RBE 583 

was similar compared to young, and this was not related to neurophysiological responses of 584 

older individuals, contrary to our hypothesis. These data show that older adults incur less 585 

damage, but exhibit similar RBE, which has implications for exercise prescription and 586 

recovery in older age. 587 

  588 
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FIGURE CAPTIONS 893 

Figure 1. The overview of the experimental protocol. MVC = maximal voluntary isometric 894 

contraction torque; M1 = primary motor cortex; AMT = active motor threshold. Contractions 895 

at 5 and 10% isometric MVC were only performed with relative normalisation (see ‘Constant 896 

torque task’ for further details). 897 

 898 
Figure 2. Exercise performance and recovery. Isometric maximal voluntary contraction 899 

(MVC) torque before, immediately post, and 24- and 72 hours following both bouts of 900 

exercise in young (A) and older adults (B); work performed during each set and the total work 901 

performed during each bout in young (C) and older individuals (D); and total work performed 902 

expressed relative to body mass in young and older aduls (E). Dashed lines represent 903 

individual responses whereas the full line with circles denotes the mean. The grey shaded area 904 

represents the measurement error for isometric MVC based on the difference in variability 905 

between the pre-exercise values before each bout. Data for isometric MVC are presented as a 906 

relative change, but statistical analyses were performed on raw values. *p < 0.010 relative to 907 

pre-exercise of ‘BOUT 1’, *p ≤ 0.001 relative to pre-exercise of ‘BOUT 2’, #p < 0.05 relative 908 

to the other exercise bout (based on age × time and bout × time interactions); †p ≤ 0.021 909 

relative to the first set (based on main effect of time), ‡p = 0.028 different between the age 910 

groups (based on main effect of age). 911 

 912 
Figure 3. H-reflex and corticospinal excitability. The amplitude of maximal Hoffman reflex 913 

normalised to maximal compound action potential (Hmax/Mmax; A, C) and motor evoked 914 

potentials normalised to maximal compound action potential (MEP/Mmax; B, D) in young (A, 915 

B) and older (C and D) adults before, immediately post, and 24- and 72 hours following both 916 

bouts of exercise. Dashed lines represent individual responses whereas the full lines with 917 

circles denote the mean. The grey shaded area represents the measurement error based on the 918 



difference in variability between the pre-exercise values before each bout. Differences in 919 

MEP/Mmax are presented based on age× time interaction; †p ≤ 0.039 relative to other time 920 

points (based on main effect of time).  921 

 922 
Figure 4. Central nervous system inhibition. Intracortical inhibition (SICI; A, C), and silent 923 

period duration (B, D) before, immediately post, and 24- and 72 hours following both bouts of 924 

exercise in young (A, B) and older adults (C, D). Dashed lines represent individual responses 925 

whereas the full line with circles denotes the mean. The grey shaded area represents the 926 

measurement error based on the difference in variability between the pre-exercise values 927 

before each bout. †p ≤ 0.044 relative to pre-exercise (based on main effect of time); #p < 0.05 928 

relative to the other exercise bout (based on main effect of bout). 929 

 930 

Figure 5. The relationship between intracortical inhibition and muscle damage. The 931 

change in short-interval intracortical inhibition immediately post exercise (A and D) was 932 

associated with the extent of muscle damage as marked by a reduction in isometric maximal 933 

voluntary (MVC) torque 24 hours post exercise (B and E), but this was only evident in young 934 

(C), and not older (F) adults. 935 

 936 

Figure 6. Neuromuscular performance during a constant torque task. Torque variability 937 

(coefficient of variation, CV%) during a 5 (A, D), relative 20 (B, E) and absolute 20% (C, F) 938 

of isometric maximal voluntary contraction before, immediately post, and 24- and 72 hours 939 

following both bouts of exercise in young (A, B, C) and older (D, E, F) adults. Dashed lines 940 

represent individual responses whereas the full line with circles denotes the mean. The grey 941 

shaded area represents the measurement error based on the difference in variability between 942 



the two pre-exercise values. Differences in at 5% isometric MVC are presented based on age× 943 

time interaction; †p ≤ 0.015 relative to pre-exercise (based on main effect of time). 944 

  945 



Table 1. Baseline differences between the age groups (mean ± SD) and reliability indices for 946 
main variables of interest. 947 

  Bout 1 Bout 2 P Bias TE rTE (%) 

Electrophysiological variables

Mmax (mV) 
Young 6.5 ± 1.8 5.8 ± 1.5 0.049 0.7 0.7 11.9% 
Older 4.9 ± 1.2 5.3 ± 1.8 0.174 -0.4 0.6 11.8% 

Hmax/Mmax 
Young 0.11 ± 0.06 0.12 ± 0.06 0.410 -0.01 0.03 27.3% 
Older 0.11 ± 0.06 0.11 ± 0.08 0.474 0.00 0.02 18.2% 

MEP/Mmax 
Young 0.20 ± 0.10 0.21 ± 0.10 0.805 -0.01 0.08 40.0% 
Older 0.29 ± 0.11 0.26 ± 0.13 0.231 0.03 0.05 17.9% 

SICI 
Young 0.67 ± 0.21 0.78 ± 0.11 0.076 -0.11 0.13 17.8% 
Older 0.72 ± 0.20 0.72 ± 0.24 0.995 0.00 0.22 30. 6% 

ICF 
Young 1.21 ± 0.22 1.09 ± 0.13 0.064 0.12 0.13 11.3% 
Older 1.08 ± 0.18 1.05 ± 0.19 0.585 0.03 0.22 20.4% 

SP (ms) 
Young 152 ± 28 159 ± 32 0.297 7 18 11.6% 
Older 166 ± 39 171 ± 41 0.246 -5 9 5.4% 

Mechanical variables
Isometric MVC 

(N·m) 
Young‡ 59.6 ± 10.4 58.7 ± 11.4 0.964 0.9 2.9 4.9% 
Older 48.6 ± 11.8 48.0 ± 12.4 0.567 0.6 2.4 4.9% 

Lengthening 
MVC (N·m) 

Young 90.9 ± 22.3 90.1 ± 19.2 0.801 0.8 7.2 7.9% 
Older 78.6 ± 17.6 80.1 ± 18.4 0.356 -1.5 3.6 4.5% 

Lengthening/ 
isometric MVC 

Young 1.5 ± 0.2 1.6 ± 0.3 0.607 -0.1 0.1 9.3% 
Older 1.6 ± 0.3 1.7 ± 0.2 0.381 -0.1 0.1 7.6% 

5% MVC (CV%) 
Young‡ 5.4 ± 1.1 5.1 ± 2.6 0.758 0.3 1.7 32.7% 
Older 7.0 ± 2.9 9.4 ± 4.3 0.081 -2.4 3.0 36.6% 

20% MVC (CV%) 
Young‡ 2.2 ± 0.9 2.1 ± 0.7 0.685 0.1 0.6 27.3% 
Older 2.6 ± 0.9 3.1 ± 1.1 0.113 -0.5 0.6 20.7% 

‡p < 0.05 compared to older adults (2 × 2 ANOVA); MVC = maximal voluntary isometric contraction; Mmax = 948 
maximal compound action potential, Hmax/Mmax = maximal H-reflex relative to maximal compound action 949 
potential; MEP/Mmax = motor evoked potential relative to maximal compound action potential; SICI = short-950 
interval intracortical inhibition; ICF = intracortical facilitation; SP = silent period; TE = typical error; rTE = 951 
relative typical error. The P-value refers to the difference between bouts (paired samples T-test). N =12 for 952 
young and n = 11 for older, except for SICI  (n = 10) and ICF (n = 11) in young (see ‘Statistical analyses’ 953 
section). 954 



Table 2. Maximal compound action potential, creatine kinase, intracortical facilitation and prestimulus electromyographic activity (mean ± SD). 955 

   Time relative to exercise  
  Pre Post 24 h 72 h  Pre Post 24 h 72 h 
  Bout 1  Bout 2 

Mmax (mV) 
Young 6.5 ± 1.8 6.0 ± 1.5 6.2 ± 1.8 5.9 ± 1.7  5.8 ± 1.5 5.4 ± 1.2 6.1 ± 2.1 5.6 ± 2.0 
Older 4.9 ± 1.2 4.6 ± 1.4 5.4 ± 1.8 5.4 ± 1.9  5.3 ± 1.8 5.3 ± 1.6 6.0 ± 1.7 5.3 ± 1.7 

CK (IU.L-1) 
Young 110 ± 99 130 ± 102 367 ± 371*# 298 ± 291*  86 ± 38 112 ± 49 122 ± 71*# 160 ± 148 
Older 97 ± 59 119 ± 58 205 ± 114*# 200 ± 89*  115 ± 37 126 ± 41 164 ± 51*# 181 ± 74 

ICF (/ unconditioned 
motor evoked potential) 

Young 1.21 ± 0.22 1.08 ± 0.14 1.17 ± 0.20 1.05 ± 0.17  1.09 ± 0.13 1.08 ± 0.20 1.07 ± 0.11 1.09 ± 0.23 
Older 1.10 ± 0.18 1.10 ± 0.13 1.09 ± 0.13 1.04 ± 0.25  1.05 ± 0.19 1.10 ± 0.19 1.08 ± 0.19 1.07 ± 0.19 

Prestimulus RMS 
(% Mmax) 

Young 7.3 ± 2.2 8.2 ± 2.6 7.4 ± 2.4 7.7 ± 2.2  7.3 ± 2.9 9.0 ± 4.5 7.5 ± 2.3 8.5 ± 2.4 
Older 10.7 ± 4.9 12.1 ± 6.1 11.1 ± 7.0 10.3 ± 6.6  9.8 ± 5.8 10.8 ± 6.1 8.5 ± 3.3 9.8 ± 4.8 

5% MVC RMS  
(% RMSmax) 

Young† 8.4 ± 3.0 11.3 ± 2.4* 7.4 ± 3.5 7.0 ± 2.9  7.9 ± 2.6 11.1 ± 3.7* 7.8 ± 2.7 8.0 ± 3.1 
Older 10.9 ± 4.8 13.5 ± 5.4* 11.5 ± 4.2 11.3 ± 4.3  11.4 ± 3.6 14.7 ± 6.6* 10.6 ± 4.4 11.3 ± 4.5 

R20% MVC RMS 
(% RMSmax) 

Young 17.5 ± 6.1 19.5 ± 5.0* 16.5 ± 4.2 15.6 ± 3.5  17.4 ± 4.4 22.6 ± 4.7* 17.3 ± 3.4 19.0 ± 5.7 
Older 24.7 ± 6.7 33.5 ± 12.2* 25.7 ± 7.6 25.1 ± 7.9  23.7 ± 5.5 27.6 ± 6.8* 23.9 ± 6.9 24.2 ± 6.7 

A20% MVC RMS 
(% RMSmax) 

Young† 17.5 ± 6.1 22.7 ± 5.0* 18.2 ± 4.0 16.3 ± 3.4  17.4 ± 4.4 25.6 ± 5.4* 19.2 ± 6.0 19.2 ± 5.7 
Older 24.7 ± 6.7 36.6 ± 12.0* 27.2 ± 10.1 25.1 ± 7.9  23.7 ± 5.5 29.4 ± 5.4* 24.2 ± 6.5 24.2 ± 6.7 

5% MVC RMS  
(% Mmax) 

Young 7.2 ± 2.5 8.8 ± 2.3* 6.5 ± 3.0 6.8 ± 2.9  6.1 ± 2.7 8.3 ± 4.6* 7.4 ± 2.7 7.8 ± 3.1 
Older 10.6 ± 7.2 11.6 ± 6.8* 11.2 ± 8.4 11.2 ± 7.6  10.4 ± 5.9 12.5 ± 8.7* 8.6 ± 3.9 9.7 ± 6.0 

R20% MVC RMS 
(% Mmax) 

Young† 15.0 ± 5.1 15.2 ± 4.3 14.8 ± 4.2 15.4 ± 4.5  13.5 ± 4.8 17.0 ± 8.5 16.9 ± 4.4 18.8 ± 7.1 
Older 24.7 ± 14.6 29.3 ± 18.1 24.2 ± 14.8 24.8 ± 16.3  22.2 ± 14.1 22.7 ± 11.6 19.9 ± 6.5 20.2 ± 8.1 

A20% MVC RMS 
(% Mmax) 

Young† 15.0 ± 5.1 17.5 ± 4.5* 16.5 ± 4.4 16.1 ± 4.6  13.5 ± 4.8 19.1 ± 9.0* 18.8 ± 6.9 18.9 ± 7.3 
Older 24.7 ± 14.6 31.9 ± 18.8* 25.7 ± 16.3 24.8 ± 16.3  22.2 ± 14.1 24.2 ± 12.3* 19.9 ± 6.5 20.2 ± 8.1 

*p < 0.050 relative to ‘Pre’, #p = 0.029 relative to the other bout, †p < 0.050 compared to older (bout × time interaction); Mmax = maximal compound action potential; CK = 956 
creatine kinase, ICF = intracortical facilitation; Prestimulus RMS (% Mmax) = root mean square EMG activity in the 500 ms epoch prior to stimulation at 10% isometric 957 
MVC (expressed as a percentage of maximal compound action potential); RMS (%RMSmax) = root mean square EMG activity in the 10-second epoch during a constant 958 
torque task (expressed relative to root mean square EMG activity during 500 ms around peak isometric MVC); RMS (% Mmax) = root mean square EMG activity in the 10-959 
second epoch during a constant torque task (expressed as a percentage of maximal compound action potential); R = relative, A = absolute. N =12 for young and n = 11 for 960 
older, except for and CK in older (n = 9) and ICF in young (n = 11) (see ‘Methods’ for further details). 961 
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