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Abstract 23 

The aim of this study was to determine the effects of acute resistance training (RT) intensity 24 

on motor evoked potentials (MEPs) generated by transcranial magnetic brain stimulation and 25 

on cervicomedullary motor evoked potentials (CMEPs) produced by electrical stimulation of 26 

the corticospinal tract. In four experimental sessions, 14 healthy young men performed 12 27 

sets of eight isometric contractions of the elbow flexors at 0 (Control session), 25, 50 and 28 

75% of the maximal voluntary contraction (MVC). Before and after each session, MEPs, 29 

CMEPs, and the associated twitch forces were recorded at rest. MEPs increased by 39% (P < 30 

0.05 vs. 25% and control condition, ES = 1.04 and 1.76 respectively) after the 50% session 31 

and by 70% (P < 0.05 vs. all other conditions, ES = 0.91 - 2.49) after the 75% session. In 32 

contrast, CMEPs increased similarly after the 25%, 50%, and 75% sessions with an overall 33 

increase of 27% (P < 0.05 vs. control condition, ES = 1.34). The amplitude of maximal 34 

compound muscle action potentials (Mmax) was unchanged during the experiment. The MEP- 35 

and CMEP-associated twitch forces also increased after RT, but training intensity affected 36 

only the increases in MEP twitch forces. The data tentatively suggest that the intensity of 37 

muscle contraction used in acute bouts of RT affects cortical excitability.  38 
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New and Noteworthy 39 

Resistance training (RT) can acutely increase the efficacy of the corticospinal-motoneuronal 40 

synapse, motoneuron excitability and motor cortical excitability. We show that motor evoked 41 

potential generated by transcranial magnetic stimulation but not cervicomedullary electrical 42 

stimulation increased in proportion to the intensity of training used during a single session of 43 

RT. The data suggest that the intensity of muscle contraction used in acute bouts of RT 44 

affects cortical excitability. 45 

 46 

Keywords: Cervicomedullary motor evoked potentials, Cortical excitability, Motor evoked 47 

potentials, Plasticity, Strength training.  48 
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Introduction 49 

Resistance training (RT) is widely used to improve maximal voluntary muscle force (MVC) 50 

and muscle mass. However, the mechanisms underlying the increases in MVC force 51 

following mechanical loading of healthy skeletal muscle remain incompletely understood. 52 

Because MVC force increases after a few sessions of RT, before functionally meaningful 53 

muscle hypertrophy could occur, the initial adaptations leading to this rapid increase in MVC 54 

force are probably of neural origin (1, 2, 15, 23). Indeed, a variety of forms of motor practice 55 

can cause rapid adaptations in central nervous system (CNS) (4, 18, 20, 25, 27, 32, 35, 38). 56 

Therefore, the acute changes in the CNS after a single session of RT (18, 19, 27, 35, 38) 57 

could act as a trigger for long-term adaptations following repeated training sessions.  58 

This trigger could be an increase in the efficacy of the corticospinal-motoneuronal synapses, 59 

and increases in motoneuron and/or cortical excitability. In fact, a single session of isometric 60 

RT of the elbow flexors increased the size of motor evoked potentials (MEPs) and 61 

cervicomedullary motor evoked potentials (CMEPs) measured at rest by transcranial 62 

magnetic stimulation (TMS) of the motor cortex (M1) and electrical stimulation of the 63 

corticospinal tract, respectively (27). CMEPs are affected by peripheral excitability, the 64 

efficacy of the corticospinal-motoneuronal synapses and motoneuron excitability, while 65 

MEPs are also affected by the excitability of motor cortical neurons. Furthermore, the 66 

amplitude of the twitch forces evoked by TMS and electrical cervicomedular stimulation also 67 

increased after a session of RT (27). Those involuntary contractions are the sum of the forces 68 

produced by different muscles activated by the same non-focal stimulus. Therefore, these 69 

increases in twitch forces towards the trained direction, together with the rise in the amplitude 70 

of MEP and CMEPs, suggest that a single session of RT preferentially strengthens the 71 

corticospinal-motoneuronal pathway projecting to the trained muscle (27). 72 
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The effects of different forms of motor practice on corticospinal excitability can still be 73 

present up to an hour after the session (3, 9, 25, 34, 42) and 25 minutes after RT (27). This 74 

lasting increase in corticospinal excitability has been interpreted as a marker of use-75 

dependent corticomotor plasticity probably mediated by mechanisms similar to long-term 76 

potentiation (3, 9). 77 

Most acute RT studies have used high-intensity muscle contractions as an exercise stimulus. 78 

However, low- compared to high-intensity (36) RT can also improve MVC force, albeit to a 79 

lesser extent.  Because the hypertrophy response to RT seems to be independent of intensity, 80 

the differences in the increases in MVC force brought about by low- and high-intensity RT 81 

may be related to differences in neural adaptations. 82 

Contraction intensity affects the magnitude of corticospinal tract activation (8, 21, 31, 41). At 83 

the spinal level, stronger contractions intensities implicate higher motoneuronal excitability 84 

through pre-and postsynaptic mechanisms, increased motor unit recruitment and higher firing 85 

frequencies (24). This leads to an increase in CMEP amplitude with contraction intensity 86 

until a decrease during very strong contractions, which is proposed to relate to motoneuron 87 

afterhyperpolarization trajectory (21). Similar to CMEP amplitude, MEP amplitudes also 88 

increase with contraction intensity (21, 31, 41), even though such responses to TMS tend to 89 

saturate and may even decrease before reaching 100% of MVC force (21, 39). Spinal 90 

mechanisms (increased motoneuron pool excitability) could account for the increase in MEP 91 

amplitude, however the intensity of the contraction also influences the cortical output neurons 92 

and interneurons involved in generating the descending commands, as shown by 93 

neuroimaging studies and direct epidural recordings (8, 10). Additionally, the GABAergic 94 

mediated intracortical inhibition progressively decreases with the intensity of the contraction 95 

(30). It is thus conceivable that high- compared with low-intensity RT has a greater potential 96 
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to induce neural adaptations. Whether the lasting effects on corticospinal and spinal 97 

motoneurons occur in a dose-dependent manner after a single RT session using low skill, 98 

invariant isometric muscle contractions, are unknown. 99 

Therefore, the purpose of the present study was to determine the effects of acute RT intensity 100 

on the electromyographic (EMG) responses (MEPs, CMEPs, maximal compound muscle 101 

action potential (Mmax)) and twitch forces evoked by brain and corticospinal tract stimulation. 102 

We administered all tests at rest to control for motoneuron excitability and because 103 

measurements at rest are sensitive to RT-induced changes in the CNS (27). We compared 104 

these outcomes for up to 30 min following RT at 25%, 50%, and 75% MVC, and a control 105 

resting condition (CON). We hypothesized that MEPs, CMEPs, and the associated twitch 106 

forces would increase in an intensity-dependent manner after a bout of RT.  107 

Materials and methods  108 

Participants 109 

Healthy, right-handed, and recreationally active men (2-3h per week of recreational sports 110 

activities or aerobic training, age, 23.5 ±3.93 yr, n = 16) without contraindications to TMS 111 

and currently not taking any medications, participated in the study. Data from two 112 

participants were excluded from the analyses because it was not possible evoke CMEPs with 113 

a constant latency > 7.5ms. Participants came to the laboratory one week before the start of 114 

the experiments to become familiar with the MVC task, peripheral nerve stimulation, TMS, 115 

and corticospinal tract stimulation. Participants were asked to refrain from consuming 116 

caffeinated or alcoholic drinks and exercising 24 h before each testing session. The 117 

Institutional Review Board approved the protocol and the informed consent form, which all 118 

participants signed before the start of the experiments. The study was conducted in 119 

accordance with the latest version of the declaration of Helsinki.  120 
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Set-up 121 

Participants were seated in a chair in front of a table with the right shoulder flexed at ~90º 122 

and the elbow flexed with forearms vertical (Fig. 1A). Right forearm was supinated and 123 

strapped at the wrist to a force transducer (NL63-200 Kg; Digitimer, Welwyn Garden City, 124 

United Kingdom) that measured voluntary and evoked twitch forces. The left arm rested on 125 

the table during the experiments. Visual feedback of voluntary elbow flexion force was 126 

displayed on a computer screen in front of the participant. 127 

Surface EMG activity was recorded from the right and left biceps brachii (BB) using Ag-128 

AgCl surface electrodes (5-8 cm inter-electrode distance) attached to the skin with a belly-129 

tendon montage. EMG signals were amplified (x200 to x300), band pass filtered (10-1000 130 

Hz) and sampled at 2 kHz with a Digitimer d440 isolated amplifier (Digitimer, Welwyn 131 

Garden City, United Kingdom). Force recordings were band-pass filtered (5-2500 Hz), 132 

amplified (x2500), and sampled at 2 kHz using a Neurolog System (Digitimer, Welwyn 133 

Garden City, United Kingdom). Both EMG and force signals were simultaneously collected 134 

using an analog-digital board CED Micro1401-3 (Cambridge Electronic Design, Cambridge, 135 

UK) for further analysis. 136 

Brachial Plexus stimulation 137 

Mmax of the right BB was obtained via single electrical stimuli delivered to the right brachial 138 

plexus (200-µs duration, DS7AH constant current stimulator; Digitimer, Welwyn Garden 139 

City, United Kingdom). The cathode (pre-gelled Ag-AgCl electrodes) was positioned in the 140 

supraclavicular fossa and the anode on the acromion. Stimulation intensity (Range 40 - 168 141 

mA) was set to 120% of what was needed to produce a maximal size M-wave in right BB. A 142 

supramaximal stimulus was used to reduce the probability that some axons would remain 143 
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inactivated because of axonal hyperpolarization due to fatigue (33). Twitch forces associated 144 

with each Mmax were also recorded. 145 

Transcranial Magnetic Stimulation 146 

We generated MEPs in the right BB by placing a figure of eight coil (70 mm diameter; 147 

stimulator: DuoMag, Rogue Resolutions Ltd., UK) over an optimal spot of the left M1. The 148 

optimal site was obtained by exploring the estimated center of the BB motor cortical 149 

representation (4-7 cm lateral to the vertex). The hot spot, i.e., where a known supra-150 

threshold intensity produced the largest responses, was marked on the scalp with a permanent 151 

marker. The coil was oriented with the handle pointing backward and laterally at around 45º 152 

to the midline. The stimulation intensity (58% - 100%) that induced an MEP of ~2-5% of the 153 

Mmax amplitude, was determined at rest and used to test the effects of acute RT on 154 

corticospinal excitability. Such a measure is sensitive to RT-induced neural adaptations (27). 155 

Peak twitch forces associated with MEPs were also recorded. 156 

Electrical stimulation of the corticospinal tract at the cervicomedullary junction 157 

Motor responses of the right BB were also obtained by electrically stimulating the 158 

corticospinal axons at the cervicomedullary junction. Pre-gelled Ag-AgCl electrodes were 159 

affixed over the left (cathode) and right (anode) mastoid process. Stimulation intensity (90 – 160 

226 mA, 200-µs duration) was set to produce a CMEP of 10-20% of Mmax with the right BB 161 

at rest. Such a measure is sensitive to adaptations in motoneuron excitability or the efficacy 162 

of the corticospinal-motoneuronal synapses induced by RT (27). Peak-to-peak twitch forces 163 

associated with each CMEP were also recorded. 164 

Experimental procedures 165 

Main experiment 166 
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Each subject completed four experimental sessions separated by 5-7 days in a random order: 167 

isometric RT at 0%, 25%, 50%, and 75% of MVC. The 0% or control session consisted of 20 168 

min of sitting at the table used for RT.  169 

Training consisted of 12 sets of eight, slowly ramped isometric contractions of the elbow 170 

flexors with four seconds of rest between contractions and one minute of rest between sets. 171 

Marked by a 2-s-long window, participants ramped up force to 25%, 50% or 75% of MVC 172 

represented by a horizontal line displayed on a monitor and relaxed as soon as they reached 173 

the target force at the end of the two seconds period (see Fig. 1B). The rate of force 174 

development was thus different between sessions. 175 

During each session, participants performed three measurements blocks involving 176 

noninvasive stimulation 15, 10 and 5 minutes before RT. Immediately after RT, participants 177 

performed one measurement block (POST-0’) that was repeated 5, 10, 15, 20, 25, and 30 min 178 

after POST-0’. The number of stimuli in each block was identical to a protocol reported 179 

previously (27): with two initial Mmax measurements, five CMEPs and five MEPs elicited in a 180 

random order with both arms at rest. EMG of both BBs was monitored and participants were 181 

repeatedly reminded to relax both arms. 182 

After PRE measurements and before each intervention, all participants performed 2-3, 3-5-s-183 

long isometric elbow flexion MVCs with 90 seconds of rest between trials. The highest value 184 

of all the attempts was used to determine the training intensity for that session. 185 

------------- Figure 1 ------------ 186 

Complementary experiment 187 

While contraction intensity differed between sessions (25, 50, 75% of MVC) each session 188 

comprised 12x8, i.e., 96 contractions. Thus, the total amount of physiological work 189 



10 

 

 

performed differed between sessions. In a complementary experiment we therefore examined 190 

the effects of the exercise volume on measures of neural adaptations. Participants (n = 8) 191 

performed an additional session at 25% of MVC but with twice the volume used in the main 192 

experiment (i.e. 2 x 12 = 24 sets). Thus, the total amount of physiological work corresponded 193 

to work produced in the 50% session.  194 

Data analysis 195 

We measured the peak-to-peak amplitudes of Mmax, MEPs, and CMEPs and MEPs and 196 

CMEPs were normalized to Mmax within each measurement block and averaged. PRE 197 

measurements were represented as the average of all responses obtained in the three PRE 198 

blocks (i.e.: PRE -15, -10 and -5 min). We also measured the peak-to-peak twitch force 199 

amplitudes by calculating peak to peak values over a 200 ms time window after the 200 

stimulation.  201 

To assess neuromuscular performance, we averaged the root mean square (RMS) amplitude 202 

of the surface EMG activity (normalized for Mmax recorded in each session) and the impulse 203 

(force x time) within each of four 500-ms-long window (from 0 to 2 sec; i.e.: 0-0.5; 0.5-1; 1-204 

1.5; 1.5-2 sec) during every two-seconds contraction. 205 

Statistics 206 

Normality was confirmed using the Kolmogorov-Smirnov test. Intra-session and inter-session 207 

reliability for Mmax, MEPs, CMEPs, their associated twitches and stimulation intensities, was 208 

determined using intra-class correlation coefficients (ICCs) with 95% confidence intervals 209 

(95% CIs) from the mixed-effect model. The ICC was interpreted with values below 0.5, 0.5 210 

to 0.75, 0.75 to 0.90, and >0.90 indicating, respectively, low, moderate, good, and excellent 211 

reliability (16). To analyze neuromuscular performance during each training session, a two-212 

way RM-ANOVA was performed with SET (1-12) and INTERVAL (1st, 2nd, 3rd, 4th) as 213 
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factors for the EMG-RMS and the impulse (force area under the curve). A one-way repeated 214 

measures (RM) analysis of variance (ANOVA) with intensity as factor was performed for 215 

PRE-test measurements for Mmax, MEPs, CMEPs and their associated twitches to detect any 216 

between-group differences at baseline. Because there were no between-group differences in 217 

the baseline values, the subsequent analyses were performed with each session data 218 

normalized to its PRE values (i.e., on the Pre- to Post-trial change scores). A two-way RM-219 

ANOVA was performed with TIME (Pre, POST-0’, POST-5’, POST-10’, POST-15’, POST-220 

20’, POST-25’, POST-30’) and INTENSITY (CON, 25%, 50% and 75%) as factors for the 221 

Mmax, MEPs, CMEPs and their associated twitch forces (all normalized to PRE values). For 222 

the complementary experiment, a two-way RM-ANOVA was performed with TIME (PRE, 223 

POST-0’, POST-5’, POST-10’, POST-15’, POST-20’, POST-25’, POST-30’) and VOLUME 224 

as factor (25% and 25%x2) for Mmax, MEPs, CMEPs and their associated twitch forces. The 225 

main effect of INTENSITY or VOLUME was also analyzed independently of the other main 226 

effects or interactions in order to detect the overall effect of every session on each variable 227 

during the 30 minutes post intervention. If sphericity was violated (Mauchly’s test), degrees 228 

of freedom were corrected by Greenhouse-Geisser estimates of sphericity. Bonferroni 229 

correction was applied for post hoc analyses to account for multiple comparisons. Effect sizes 230 

are presented as partial eta square values (ηp
2; small: 0.02; medium: 0.13; large: 0.26) (5). 231 

Unless indicated otherwise, data are reported as mean ±standard deviation. SPSS 20.0 232 

software (SPSS, Chicago, Illinois) was used for statistical analysis. Statistical significance 233 

was set at P ≤ 0.05. 234 

Results 235 

Main Experiment 236 
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Reliability — Intra-session reliability of Mmax, MEPs, and CMEPs and the associated 237 

twitches was good to excellent (ICC = 0.88 to 0.99, Table 1). Inter-session reliability for 238 

Mmax, MEPs, and CMEPs and the associated twitches and stimulation intensities was 239 

moderate to excellent (ICC = 0.67 to 0.98 Table 1). 240 

---------- Table 1 ---------- 241 

 242 

Neuromuscular performance — The two-way RM-ANOVA revealed that force impulse 243 

increased linearly from the beginning to the end of the contraction for all the intensities (Fig. 244 

2A). Furthermore, the impulse remained unaltered across the sets. EMG activity normalized 245 

with the Mmax of each session, increased linearly from the beginning to the end of the 246 

contractions for each set and intensity and remained stable across the sets (Fig. 2B). 247 

--------- Figure 2 --------- 248 

MEP amplitudes and associated twitch forces 249 

Figure 3 shows a representative individual example of MEPs and CMEPs obtained at rest 250 

after control, and acute RT at 25, 50 and 75% of MVC. MEP amplitudes increased more after 251 

RT at 75% compared to all the other sessions. Figure 4 shows that there were TIME (F (7, 252 

91) = 10.14, P < 0.001; ηp
2 = 0.44), INTENSITY (F (3, 39) = 20.17, P < 0.001; ηp

2 = 0.61) 253 

and TIME x INTENSITY interaction effects (F (21, 273) = 3.55, P < 0.001; ηp
2 = 0.21). 254 

Overall, MEPs consistently increased over the 30 minutes after RT compared to baseline only 255 

after 75% session. The 50% session increased MEPs from 0’ to 15’ but the 25% and control 256 

sessions did not affect MEP size. The 75% session compared with other sessions produced 257 

the largest increases in MEP size during the last 15’ (Fig. 4). Also, the INTENSITY main 258 

effect revealed greater sustained increases in MEPs after RT at 75% (+69.6%) compared with 259 
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control (-5.3%, P = 0.001), 25 (+10.6%, P = 0.001), and 50% (+39.2%, P = 0.026) of MVC 260 

and also after RT at 50% vs control (P = 0.008) and 25% (P = 0.024) MVC (Fig. 4B). 261 

MEP twitch forces increased more after RT at 75% than after the other sessions. There were 262 

TIME (F (2.84, 36.98) = 23.83, P < 0.001; ηp
2 = 0.65), INTENSITY (F (1.49, 19.42) = 28.66, 263 

P < 0.001; ηp
2 = 0.69) and TIME x INTENSITY interaction effects (F (21, 273) = 5.44, P < 264 

0.001; ηp
2 = 0.29). As with MEPs, MEPs twitch forces consistently increased over the 30 265 

minutes of measurements after RT with 75% MVC compared to baseline. The 50% session 266 

also increased MEP twitch forces compared to baseline but only immediately after training 267 

(0’). No changes occurred after the 25% and control sessions relative to baseline. Increases 268 

after RT with 75% were larger compared to the other sessions during the last 15 minutes 269 

(Fig.5). Furthermore the main effect of INTENSITY showed that the increases in MEP-270 

associated twitch forces were the greatest after the 75% session (+83.1%; Control session: -271 

9.8%; 25% session: +18.2%; 50% session: +38.5%, all P < 0.001, see Fig. 5B). The overall 272 

increases in MEP-associated twitch forces were also greater after RT at 25% and 50% 273 

compared with control session (P = 0.016 and P = 0.009, respectively; see Fig. 5B).  274 

--------- Figure 3 --------- 275 

CMEP amplitudes and associated twitch forces 276 

CMEP amplitudes after acute RT were larger compared to the control session independently 277 

of the intensity. There were TIME (F (2.66, 34.53) = 4.30, P = 0.014; ηp
2 = 0.25) and 278 

INTENSITY (F (3, 39) = 7.15, P = 0.001; ηp
2 = 0.34) main effects but no TIME x 279 

INTENSITY interaction (F (21, 252) = 1.24, P = 0.217; ηp
2 = 0.09). Overall, there was an 280 

increase in CMEP amplitude after RT at any intensity (mean of +26.9%) compared to the 281 

control session (-14.9%, all P < 0.05 for all comparisons) but without differences between the 282 
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other sessions (Fig. 4D). The increase after RT sessions was not different to baseline values 283 

at any point (Fig. 4C). 284 

CMEP-associated twitch forces after acute RT were larger compared to the control session, 285 

independently of the intensity. There were TIME (F (3.33, 43.36) = 9.55, P < 0.001; ηp
2 = 286 

0.42), INTENSITY (F (3, 39) = 7.75, P < 0.001; ηp
2 = 0.37) and a TIME x INTENSITY 287 

interaction (F (21, 273) = 3.53, P < 0.001; ηp
2 = 0.21) effects. CMEP-associated twitch forces 288 

increased compared to baseline values only from 0’ to 10’ after RT at 50% and 75% of MVC 289 

(Fig. 5C). The increase after 25%, 50%, and 75% sessions was only different compared to the 290 

control session during the first 20’ (Fig. 5C). Also, the main effect of INTENSITY showed 291 

that CMEP-associated twitch forces after 25%, 50% and 75% sessions (mean of +31.3%) was 292 

larger than the increase after the control session (-5%, all P < 0.05 for all comparisons) but 293 

without statistical differences between training at 25%, 50%, and 75% of MVC (Fig. 5D). 294 

Maximal M-wave amplitudes and associated twitch forces 295 

Mmax amplitude did not change after any intervention (Fig. 4E, 4F).  296 

Mmax-associated twitch forces increased immediately after acute RT and then returned to 297 

baseline values. There were TIME (F (2.25, 29.29) = 58.35, P < 0.001; ηp
2 = 0.82) 298 

INTENSITY (F (3, 39) = 5.31, P = 0.004; ηp
2 = 0.29) and TIME x INTENSITY interaction (F 299 

(21, 273) = 15.67, P < 0.001; ηp
2 = 0.55) effects. Mmax twitch forces increased compared to 300 

baseline immediately after 25%, 50% and 75% sessions (0’ after RT, P = 0.003, P < 0.001, 301 

and P = 0.001, respectively). The increase in the Mmax-associated twitch forces immediately 302 

after training (from 0’ after RT) was larger after the 50% and the 75% session compared to 303 

the control and 25% sessions. The INTENSITY main effect showed that Mmax twitch forces 304 

did not differ between sessions (P > 0.05, see Fig. 5F). 305 

--------- Figure 4 and 5 ---------- 306 
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Complementary experiment 307 

MEP amplitudes and associated twitch forces 308 

Doubling the volume of RT at 25% of MVC produced larger MEP amplitudes. There were 309 

TIME (F (7, 49) = 6.97, P < 0.001; ηp
2 = 0.50) and VOLUME effects (F (1, 7) = 11.53, P = 310 

0.012; ηp
2 = 0.62) but not a TIME x VOLUME interaction (F (2.90, 20.29) = 2.10, P = 0.61; 311 

ηp
2 = 0.23). The increase in MEP amplitude was larger after performing 24 sets instead of 12 312 

sets at 25% of MVC (P = 0.012, see Fig. 6A). However, pairwise comparisons for the main 313 

effect of time showed larger MEP amplitudes compared to baseline only at 0’ and 10’ after 314 

both training sessions (P = 0.047 and P = 0.022, respectively). 315 

Performing 24 sets instead of 12 at 25% of MVC produced also larger increases in MEP-316 

associated twitch forces (P = 0.037, see Fig. 6B). There were TIME (F (2.35, 16.43) = 14.02, 317 

P < 0.001; ηp
2 = 0.67), VOLUME (F (1, 7) = 6.64, P = 0.037; ηp

2 = 0.49) and TIME x 318 

VOLUME interaction (F (7, 49) = 3.29, P = 0.006; ηp
2 = 0.32) effects. However, pairwise 319 

comparisons showed that MEP-associated twitch forces were not significantly different 320 

compared to baseline after any training session. The increase in MEP-associated twitch forces 321 

was significantly larger after performing 24 sets compared to 12 sets at 25% only at 0’ after 322 

RT (P = 0.035).  323 

CMEP amplitudes and associated twitch forces 324 

CMEP amplitude and CMEP-associated twitch forces did not change after any intervention 325 

(Fig. 6C, 6D). 326 

Mmax amplitudes and associated twitch forces 327 

For Mmax obtained at rest, there was a VOLUME (F (1, 7) = 5.96, P = 0.045; ηp
2 = 0.46) main 328 

effect but not a TIME (F (1.92, 13.42) = 1.56, P = 0.171; ηp
2 = 0.18) or TIME x VOLUME 329 
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interaction (F (3.41, 23.85) = 2.51, P = 0.77; ηp
2 = 0.26) effect. Pairwise comparisons showed 330 

a statistically larger increase in Mmax after performing 24 sets compared to 12 sets at 25% (P 331 

= 0.045, see Fig. 6E). 332 

For Mmax-associated twitch forces, there was a main effect of TIME (F (3.09, 21.62) = 12.93, 333 

P < 0.001; ηp
2 = 0.65) but not VOLUME (F (1, 7) = 1.52, P = 0.257; ηp

2 = 0.18) or TIME x 334 

VOLUME interaction (F (7, 49) = 0.84, P = 0.557; ηp
2 = 0.11) effect. Pairwise comparisons 335 

showed a statistically larger increase in Mmax twitch forces compared to baseline only at 0’ 336 

after RT independent of training volume (P = 0.031). 337 

----------- Figure 6 ----------- 338 

Discussion  339 

Main experiment 340 

The data show for the first time that the intensity of acute isometric RT of the elbow flexors 341 

affects cortical excitability measured at rest in healthy men. In agreement with the 342 

hypothesis, MEP amplitude and the associated twitch forces increased with RT intensity but, 343 

contrary to the hypothesis, the changes in CMEP amplitude and twitch forces were 344 

independent of RT intensity. Also the duration of the effect on TMS responses increased with 345 

RT intensity. The data suggest that the intensity of muscle contraction used in acute bouts of 346 

RT affects cortical excitability.  347 

Our results expand previous data by showing dose-response effects of RT intensity on 348 

corticospinal excitability measured at rest. Acute bouts of RT can increase the responses to 349 

stimulation of the corticospinal tract at cortical (18, 19, 27, 35, 38) and spinal levels (27), 350 

suggesting an increase in cortical or motoneuron excitability or an increase in the efficacy of 351 

the corticospinal-motoneuronal synapse. Our results show that CMEPs and associated twitch 352 
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forces increased after RT independent of training intensity in comparison to the control 353 

session. However, CMEPs were not different to baseline after RT (Fig. 4C), suggesting that 354 

spinal adaptations measured at rest after acute RT do not always occur (28).  355 

Regarding responses to TMS, our data show that MEPs measured at rest increased by 95%, 356 

64%, and 35% just a minute after the last contraction of an acute bout of isometric RT at 357 

75%, 50%, and 25% of MVC and that the increase after RT at 75% was larger compared with 358 

the increases after RT at lower intensities. Considering the 75% condition, the 95% increase 359 

was smaller than the 242% increase reported previously (27), a difference that could be 360 

related to the position of the shoulder being flexed to 90º and forearm supinated vs. shoulder 361 

abducted and forearm pronated (27). Such differences in joint positions could affect the 362 

responses to TMS and cervicomedullary stimulation (7, 29). Also in our study the rate of 363 

force development (RFD) systematically increased with contraction intensity and could 364 

confound the observed dose effects. However, RFD does not seem to be a determinant of 365 

corticospinal responses to acute RT (27, 38).  366 

When normalized to Mmax, the responses to M1 stimulation by TMS involve cortical and 367 

spinal mechanisms (40). However, motoneuron excitability and the efficacy of the 368 

corticospinal-motoneuronal synapse are the mechanisms involved in CMEPs normalized to 369 

Mmax, which did not vary with RT intensity. Furthermore, contrary to MEPs, CMEPs did not 370 

increase immediately after RT. It thus seems that the intensity-dependent TMS responses to 371 

RT reflect cortical involvement. Indeed, Dai et al. (8) showed that higher forces led to 372 

correlated increases in activation of motor cortical neurons and interneurons to generate the 373 

desired motor output. Furthermore, there is additional evidence for a lack of adaptation at the 374 

spinal level after short duration high-intensity RT as measured by cervicomedullary 375 

stimulation (28) and H-reflex (12). Thus, the emerging picture is that initial neural 376 
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adaptations to RT are localized at a supraspinal level (12). The increases in MEP size after 377 

RT are probably a reflection of changes in excitatory-inhibitory balance toward greater 378 

efficacy of the excitatory input to the trained muscles. One way this can happen is that 379 

cortical excitability increases while the efficacy of GABAergic inhibitory interneurons 380 

decreases, or both (17, 19, 22).  381 

The MEP- and CMEP-associated twitch forces also increased after RT, but training intensity 382 

affected only the increases in MEP twitch forces. Twitch forces evoked by non-focal 383 

stimulation like TMS or corticospinal tract electrical stimulation reflect the sum of the forces 384 

of different muscles around the joint, including the antagonist elbow extensors (27). 385 

Therefore, although not intensity-dependent, the increase in the twitch force elicited by 386 

cervicomedullary electrical stimulation during the first 10 minutes reflects some increase in 387 

motoneuron excitability or the efficacy of the corticospinal-motoneuronal synapse (27) 388 

occurring preferentially in the motoneurons projecting to the elbow flexors. Also, the 389 

intensity-dependent increase in the twitch forces evoked by TMS reflects that the intensity of 390 

training influenced the increase in the output of the cortical neurons projecting mainly to the 391 

elbow flexors. Some potentiation at the peripheral level also occurred because the Mmax-392 

associated twitch forces increased immediately after the protocol. This potentiation could 393 

have influenced the increase in MEP- and CMEP-associated twitch forces after RT during the 394 

first 10 minutes but probably did not influence the rest of measurements (27). 395 

Our results show that not only did RT intensity affect the magnitude of increases in cortical 396 

excitability, it also affected its duration. This longer lasting effect is probably related to the 397 

larger increase produced by the higher intensities immediately after RT ended. However, as 398 

was the case for magnitude, the duration of the effect of RT in CMEPs was independent of 399 

exercise intensity. The dose-dependent lasting rise in cortical excitability could be related to 400 
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use-dependent corticomotor plasticity mediated by (LTP)-like mechanisms (3, 9), which can 401 

be present up to an hour after motor practice is stopped (3, 9, 25, 34, 42). However, previous 402 

studies questioned the role of plastic changes in the corticospinal pathway measured by TMS 403 

in the neural adaptations to simple RT tasks (14). Therefore, it is possible that the 404 

characteristics of the task, generating progressively higher force in response to the visual cue, 405 

and not RT per-se, could underlie the acute corticospinal responses we observed. Indeed, 406 

corticospinal excitability increases and cortical inhibition decreases after skill training and 407 

metronome paced RT but not self-paced RT (14, 19). This suggests that synchronization to a 408 

visual or audible cue could be more important to modulate the neural mechanisms than 409 

contraction intensity per se. However, our results show that in a task in which participants 410 

increase force by tracking a visual template, cortical responses to TMS scale with contraction 411 

intensity, leading to an effort-dependent sensitization of cortico-cortical cells in M1 that 412 

strengthens the intracortical neuronal ensembles generating outputs towards the trained 413 

muscles (3). 414 

The increase in the net excitatory output from M1 measured by single pulse stimuli could be 415 

related to a compensatory mechanism to counteract peripheral fatigue (18). However, 416 

although we cannot discard the presence of some peripheral fatigue, it was probably low, 417 

since there were no significant decreases in Mmax associated twitch forces during the 30 418 

minutes after the interventions. Furthermore, the EMG-RMS amplitude during the training 419 

sets remained constant, suggesting that a compensatory increase in central drive was not 420 

needed to counteract reductions in muscle contractile properties or motoneuron excitability. 421 

Regarding central fatigue, although our data cannot discard the possibility of increased 422 

cortical inhibition, MEPs tended to remain depressed for over 10 minutes when recorded at 423 

rest after fatiguing contractions (11). This depression contrasts with the increase in MEPs size 424 

and associated twitch forces for 25-30 minutes after RT ended (Fig. 4A and 5A). Also, if 425 
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fatigue had affected motoneuron excitability, it would have reduced the responses to 426 

cervicomedullary electrical stimulation at rest (11), which is also in contrast with our 427 

findings. As a limitation to our study we did not measure MVC after RT and, therefore, we 428 

cannot unequivocally rule out the effects of fatigue on the outcome measures. 429 

Nonetheless, the acute changes in corticospinal response to a single bout of RT likely reflect 430 

initial neural adaptations to RT (27, 38) rather than a compensation for fatigue. Thus, our 431 

finding of a contraction intensity-dependent effect on cortical excitability could explain the 432 

absence of chronic neural adaptations (6, 13) (i.e., no changes in sEMG, V-wave, voluntary 433 

activation) and the smaller MVC force increases that occur with low- compared to high 434 

intensity RT (36). 435 

Complementary experiment 436 

High compared with low exercise volume tends to produce greater increases in performance 437 

(26) and muscle mass (37). We found that a doubling of exercise volume increased MEP and 438 

associated twitch forces compared with the responses after the 25% intensity protocol without 439 

differences in CMEP size and associated twitch forces. Our data agree with a study reporting 440 

that training duration affected the involuntary twitch responses generated by TMS toward the 441 

training direction after ballistic training (4). These results suggest that the volume of an acute 442 

isometric RT session of the elbow flexors also affected cortical excitability at rest in healthy 443 

men. However, we must be cautious with this conclusion because samples size was small in 444 

our complementary experiment.  445 

Limitations 446 

We did not match the size of MEPs and CMEPs, invalidating any comparisons between the 447 

two responses. However, as has been also argued (27), the time course of changes in MEP 448 

and CMEPs was different, with marked increases in MEP amplitude immediately after 449 
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training in contrast to no changes in CMEPs at 10 minutes post-training. Also, the larger 450 

baseline size of CMEPs (10% of Mmax) could have reduced the potential for change. 451 

However, this is unlikely because CMEPs of larger baseline size (15-20% of Mmax) increased 452 

to a greater extent after high intensity RT (27) compared with the changes we observed. 453 

Future studies should match the size of MEPs and CMEPs, an approach that would make it 454 

possible to determine more accurately if the site of neural adaptation to RT is at the spinal or 455 

cortical level.  456 

Conclusion 457 

Collectively our data tentatively suggest that the intensity of muscle contraction used in acute 458 

bouts of RT affects cortical excitability. The dose effects are probably related to the 459 

heightened cortical activation, resulting in greater adaptive processes in M1. Additionally, 460 

volume of acute RT also seems to contribute to the acute changes in cortical excitability. 461 

Future studies will determine if there is a dose-response relationship between MVC force and 462 

neuronal excitability after chronic RT.  463 
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Figure legends 587 

Figure 1. Schematic view of the set-up and protocol. (A) Participants completed the 588 

experiment comfortably seated with the elbow and the shoulder flexed to 90º in front of a 589 

screen showing the force feedback. (B) Raw traces of a contraction from each training 590 

session from a representative subject. In each training session the time in which participants 591 

have to steadily contract was identified with 2 vertical bars and the intensity required was 592 

marked with a horizontal line. (C) Motor evoked potentials and associated twitches were 593 

obtained before (PRE) and after (POST) each training (at 25, 50 or 75% of MVC) or control 594 

session (20 min of rest). 595 

Figure 2. Force and muscle activity (EMG) during resistance training (n = 14 males). 596 

Impulse (A) and EMG-RMS/Mmax (B) from the eight repetitions of each set (1st – 12th) during 597 

each training intervention (25%, 50% and 75% MVC) in the main experiment (mean ±SD). 598 

Results from each set are divided into four time intervals of 500ms. 599 

Figure 3. Raw traces of MEPs and CMEPs in one subject after control session and 600 

isometric resistance training at 25%, 50% and 75% of MVC. PRE motor evoked 601 

potentials represents the average of all the evoked potentials obtained at 15, 10 and 5 minutes 602 

before training. POST-0, POST-15 AND POST-30 represents the average of all evoked 603 

potentials obtained at each time point. Dashed line indicates the amplitude of PRE 604 

measurements. 605 

Figure 4. Time course of MEPs, CMEPs and Mmax after resistance training (n = 14 606 

males). Left panel shows the time course (mean ±SD) of the MEP/Mmax (A), CMEP/ Mmax 607 

(C), and Mmax (E) of the right Biceps Brachii during the different RT sessions performed at 608 

25%, 50%, and 75% of the MVC and during the CON condition (Two-way RM-ANOVA 609 

with TIME and INTENSITY as factors). Each evoked potential was normalized to PRE 610 
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values. Right panel shows the INTENSITY main effect for the MEP/Mmax (B), CMEP/ Mmax 611 

(D), and Mmax (F) of right Biceps Brachii. (*) shows a statistically significant difference (P < 612 

0.05) to PRE values; (†) means statistically significant (P < 0.05) with respect to CON (P < 613 

0.05); ($) shows statistically significant difference (P < 0.05) with respect to 25%; (#) means 614 

statistically significant difference with respect to 50%. 615 

Figure 5. Time course of MEPs, CMEPs and Mmax twitch forces after resistance training 616 

(n = 14 males). Left panel shows the time course (mean ±SD) of the associated twitches of 617 

MEP (A), CMEP (C), and Mmax (E) of the right Biceps Brachii during the different RT 618 

sessions performed at 25%, 50%, and 75% of the MVC and during the CON condition (Two-619 

way RM-ANOVA with TIME and INTENSITY as factors). Each twitch was normalized to 620 

the PRE values. Right panel shows the INTENSITY main effect for the associated twitches 621 

of the MEP/Mmax (B), CMEP/ Mmax (D), and Mmax (F) of the right Biceps Brachii. (*) shows a 622 

statistically significant difference (P < 0.05) to PRE values; (†) means statistically significant 623 

(P < 0.05) with respect to CON (P < 0.05); ($) shows statistically significant difference (P < 624 

0.05) with respect to 25%; (#) means statistically significant difference with respect to 50%. 625 

Figure 6. VOLUME main effect for MEPs, CMEPs and Mmax and associated twitches 626 

after low intensity and double volume low intensity resistance training (n = 8 males, 627 

two-way RM-ANOVA). Left panel shows the overall net change (i.e.: average of all 628 

measures obtained after each training session normalized to PRE values (mean ±SD)) for the 629 

MEP/Mmax (A), CMEP/ Mmax (C), and Mmax (E) of right Biceps Brachii. Right panel shows 630 

the overall net change (i.e.: average of all measures obtained after each training session 631 

normalized to PRE values) for the associated twitches of the MEP/Mmax (B), CMEP/ Mmax 632 

(D), and Mmax (F) of the right Biceps Brachii. ($) shows statistically significant difference (P 633 

< 0.05) with respect to 25%.  634 
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Tables 635 

Table 1. Mean PRE values for Mmax, MEP/ Mmax and CMEP/ Mmax and its associated 636 
twitches (mean ±SD) and intra-session and inter-session reliability. 637 

 Session Pre value Intra-Session 
ICC (95% CI) 

Inter- session ICC 
(95% CI)  

Mmax (mV) 

CON 5.99 (1.60) 0.99 (0.97, 0.99) 

0.97 (0.93, 0.99) 25 6.14 (1.59) 0.99 (0.97, 0.99) 
50 5.84 (1.52) 0.99 (0.99, 0.99) 
75 5.90 (1.78) 0.99 (0.99, 0.99) 

MEP/Mmax (% 
Mmax) 

CON 5.59 (2.54) 0.90 (0.76, 0.97) 

0.93 (0.87, 0.97) 25 4.26 (1.87) 0.94 (0.84, 0.98) 
50 5.69 (4.35) 0.93 (0.84, 0.98) 
75 4.57 (2.31) 0.93 (0.84, 0.98) 

CMEP/Mmax 
(% Mmax) 

CON 11.29 (5.12)  0.82 (0.57, 0.94) 

0.67 (0.33, 0.88) 25 10.93 (7.35) 0.96 (0.91, 0.99) 
50 10.66 (5.55) 0.95 (0.88, 0.98) 
75 9.87 (5.07) 0.88 (0.72, 0.96) 

Mmax-twitch (N)  

CON 27.29 (7.79) 0.96 (0.91, 0.99) 

0.94 (0.89, 0.98) 25 29.53 (10.79) 0.96 (0.91, 0.99) 
50 33.86 (8.81) 0.96 (0.91, 0.99) 
75 31.56 (12.42) 0.99 (0.97, 0.99) 

MEP-twitch (N) 

CON 2.36 (1.08) 0.96 (0.90, 0.99) 

0.95 (0.91, 0.98) 25 2.34 (1.38) 0.94 (0.85, 0.98) 
50 2.55 (1.52) 0.98 (0.95, 0.99) 
75 1.87 (0.98) 0.95 (0.88, 0.98) 

CMEP-twitch 
(N) 

CON 6.43 (2.92) 0.97 (0.94, 0.99) 

0.91 (0.82, 0.97) 25 6.21 (2.20) 0,98 (0,94, 0,99) 
50 6.07 (2.89) 0.93 (0.83, 0.98) 
75 5.59 (2.15) 0.96 (0.89, 0.98) 

ICC: Intraclass correlation coefficient; CI: Confident interval; Mmax: maximal compound muscle action 638 
potential; MEP: Motor evoked potential; CMEP: Cervicomedullary motor evoked potential. 639 
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