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ABSTRACT 26 

Strength trained individuals (ST) develop greater levels of force when compared to untrained 27 

subjects. These differences are partly of neural origin and can be explained by training induced 28 
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change in the neural drive to the muscles. In the present study we hypothesize a greater rate 29 

of torque development (RTD) and faster recruitment of motor units with greater muscle fiber 30 

conduction velocity (MFCV) in ST when compared to a control cohort. MFCV was assessed 31 

during maximal voluntary isometric explosive contractions of the elbow flexors in eight ST and 32 

eight control individuals. MFCV was estimated from high-density surface electromyogram 33 

recordings (128 electrodes) in intervals of 50 ms starting from the onset of the EMG. The rate 34 

of torque development (RTD) and MFCV were computed and normalized to their maximal 35 

voluntary torque (MVT) values. The explosive torque of the ST was greater than in the control 36 

group in all time intervals analyzed (p<0.001). The absolute MFCV values were also greater 37 

for the ST than controls at all time intervals (p<0.001). ST also achieved greater normalized 38 

RTD in the first 50 ms of contraction (887.6 ± 152 vs. 568.5 ± 148.66 %MVT∙s-1, p<0.001) and 39 

normalized MFCV before the rise in force when compared to controls. We have shown for the 40 

first time that ST can recruit larger motor units with greater MFCV in a shorter amount of time 41 

when compared to untrained subjects during maximal voluntary isometric explosive 42 

contractions. 43 

 44 

New & Noteworthy 45 

Strength trained individuals show remarked neuromuscular adaptations. These adaptations 46 

have been partly related to changes in the neural drive to the muscles. Here, we showed for 47 

the first time that during the initial phase a maximal isometric explosive contraction strength 48 

trained individuals achieve higher levels of force and recruitment of motor units with greater 49 

conduction velocities. 50 

 51 

 52 

 53 

 54 

INTRODUCTION 55 
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The human neuromuscular system has the ability to develop high forces in short time intervals 56 

(1). For most isometric contractions, it takes approximately 150 ms to reach high levels of 57 

force (>70% maximal voluntary force) during a single-joint maximal voluntary isometric 58 

explosive contraction (5, 14, 27, 48). Explosive force is commonly measured during specific 59 

time intervals from the contraction onset or characterized by the slope of the joint torque-time 60 

curve (i.e., the rate of torque development, RTD) during the first 200 ms of force generation 61 

(1). Over the past decades there has been an increasing interest in the determinants of 62 

explosive force especially in relation to the implications for enhancing athletic performance 63 

and for the prevention of falls and injuries (1, 4, 27, 32, 39, 43, 48). Moreover, the RTD has 64 

been identified as an important parameter to detect changes in neuromuscular function in 65 

addition to the maximal voluntary force (32). 66 

 67 

At the neuromuscular level, RTD seems to be associated to the neural drive to muscles during 68 

the very early phase (first ~50 ms) of the contraction (7, 10, 12, 27, 44). The neural drive to 69 

muscles is the ensemble of motor neuron action potentials that reach the muscle per unit time 70 

(21). During rapid ‘ballistic’ contractions, the size principle of motor unit recruitment is 71 

maintained (9) but the motor unit recruitment thresholds decrease and discharge rates 72 

increase compared to slow-force contractions (10).  73 

 74 

There is a strong association between the neural activity during the early phase of muscular 75 

contraction (0-50 ms) and explosive force (1, 27, 43, 44, 48). The increase in RTD achieved 76 

after short-term resistance training seems to be related to a greater initial neural drive to the 77 

muscles (5, 47). In addition, the greater RTD in the first 50 ms of the contraction observed in 78 

power athletes is partly associated to greater EMG amplitude with respect to controls (48). 79 

Similarly, there is evidence suggesting neural adaptations in weightlifters (26).   80 

 81 

These studies led to the hypothesis that the neural drive to muscles adjusts with training and 82 

determines early changes in the explosive force generation capacity of a muscle. At the motor 83 
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unit level, short-term training involving ballistic contractions and strength training increased 84 

motor unit discharge rate of the first four detected motor unit action potentials (8).  It can be 85 

hypothesized that strength training may also results in an earlier recruitment of larger, fast-86 

twitch motor units. A faster motor unit recruitment would increase the explosive force of a 87 

muscle because the size of the motor unit (i.e. the recruitment threshold (30)) is associated 88 

the motor unit mechanical properties (peak force, rise-time) (29, 50). However, direct or 89 

indirect data on motor unit recruitment strategies in chronically resistance trained individuals 90 

are lacking (13). 91 

 92 

There are methodological limitations in the identification of individual motor unit activities in 93 

time intervals of 20-50 ms during explosive force contractions. However, it is possible to 94 

indirectly assess the properties of active motor units by measuring their average muscle fiber 95 

conduction velocity (MFCV). MFCV is a size principle parameter (3) since muscle fibers of 96 

high threshold motor units have greater diameter than those of lower threshold motor units (3, 97 

34, 52). There is a biophysical relation between MFCV and fiber diameter (38, 40) that has 98 

been demonstrated at the individual muscle fiber level (28).  Moreover, we have recently 99 

shown that the increase in the average MFCV during increasing-force contractions is strongly 100 

associated (and predicts) the increase in single motor unit conduction velocities when related 101 

to motor unit recruitment (53). It has also been shown that MFCV can be reliably estimated 102 

from EMG signals in intervals as short as ~25 ms (20, 22, 34, 51).  103 

 104 

Therefore, estimates of MFCV may provide an indirect analysis of motor unit recruitment (3, 105 

52, 53). Moreover, the time-course of MFCV during maximal voluntary isometric explosive 106 

contractions is unknown. In this study, we measure for the first time MFCV during voluntary 107 

force contractions in chronically ST individuals when compared to untrained subjects. We 108 

hypothesize a greater early RTD in ST individuals that is accompanied with a higher MFCV 109 

during isometric explosive force contractions.  110 

 111 
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MATERIALS AND METHODS 112 

Participants 113 

Sixteen healthy, non-smoking young men volunteered for this study which was approved by 114 

the University of Rome Ethical Advisory Committee and conducted according to the 115 

Declaration of Helsinki. The volunteers signed an informed consent, completed a standard 116 

health questionnaire, and were screened for their habitual physical activity. None had any 117 

previous history of neuromuscular disorders. Volunteers included those involved in regular 118 

strength training programs (strength training group (ST), n = 8, age, 22.2 ± 2.5 years; body 119 

mass, 85.2 ± 8.3 kg; height 181.2 ± 9.3 cm) and control individuals who were only involved in 120 

light to moderate aerobic activity (control group, n = 8, age, 23.4 ± 3.1 years; body mass, 73.2 121 

± 7.5 kg; height 177.3 ± 7.5 cm). All volunteers were students from the department of Human 122 

Movement Sciences, University of Rome ‘Foro Italico’, Rome, Italy. Before the first 123 

familiarization session, the volunteers were asked to report their physical activity habits. ST 124 

volunteers were required to be in a strength-training program for at least three years and for 125 

a minimum of three times per week. The training programs were classical models of 126 

progressive strength training that targets all major upper and lower muscle groups. Controls 127 

were required to be involved in moderate to light aerobic exercise less than twice per week 128 

and were not involved in any form of regular strength or power training. All subjects were 129 

instructed to avoid strenuous exercise and caffeine, respectively 48 and 24-hour prior to their 130 

visit to the laboratory.  131 

 132 

Study overview 133 

Participants visited the laboratory on two occasions, one week apart. During the first visit, they 134 

performed a familiarization test to become acquainted with the experimental protocol. The 135 

familiarization session included elbow flexion maximal voluntary isometric contractions (MVC) 136 

and maximal voluntary isometric explosive contractions of their dominant arm (self-reported). 137 

During the second visit, the volunteers performed the experimental session with concurrent 138 
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recordings of force (MVC and isometric explosive force contractions) and high-density surface 139 

electromyography (HDsEMG). 140 

Measurements 141 

Force Recording 142 

Both the familiarization and measurement sessions were conducted using an isokinetic 143 

dynamometer (KinCom Dynamometer, Chattanooga, TN) with the elbow of the dominant limb 144 

flexed to 90°. The reliability and feasibility of this dynamometer has been described previously 145 

(24) and used in previous studies that assessed maximal RTD (2).  The chair configuration 146 

was established during the familiarization session and replicated in the main trial. Waist and 147 

shoulder straps were tightly fastened to prevent extraneous movements. The waist strap was 148 

fastened across the pelvis and two other straps across the shoulders. This setup was 149 

comfortable and well tolerated by the participants of the study. The shoulder was in a neutral 150 

position with the upper arm parallel to the trunk (humerus in a pendent position), and the 151 

forearm was midway between pronation and supination. The elbow joint was secured in a 152 

padded brace with Velcro straps. The wrist strap was consistently secured to the styloid 153 

process of radius and was in series with a calibrated linear response from the load cell 154 

(KinCom Dynamometer, Chattanooga, TN) that was positioned perpendicular to the radius. 155 

The load cell was anchored to the KinCom dynamometer. The center of the lever arm was 156 

aligned to the distal lateral epicondyle of the humerus. Subsequently, the lever arm length was 157 

measured as the distance between the distal lateral epicondyle of the humerus and the styloid 158 

process of radius. The analogue force signal was amplified and sampled at 2048 Hz with an 159 

external analogue to digital (A/D) converter (EMG-USB2+ OT Bio elettronica, Turin, Italy). Two 160 

personal computers recorded the data with the software OTbiolab (OT Bio elettronica, Turin, 161 

Italy) and Labview 8.0 (National Instruments, Austin, USA). The force signal was displayed for 162 

visual feedback during the tests. Force signals were corrected for the effect of gravity. 163 

 164 

High-density surface electromyography recordings (HDsEMG) 165 
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Two bi-dimensional arrays (matrices) of 64 electrodes each [ dimensions for one matrix: 1 mm 166 

in diameter, 8 mm inter electrode distance, 13 rows (10.9 cm) x 5 columns (3.7 cm), gold-167 

coated; OT Biolettronica, Turin, Italy] (Fig.1 A) were used for recording HDsEMG signals. The 168 

skin was treated by shaving, light abrasion and cleansing with 70% ethanol. An experienced 169 

investigator identified the muscle belly of the biceps brachii (BB) through palpation and a 170 

surgical marker was used to delineate the perimeter of the muscle. Before placing the 171 

electrodes, the arm circumference and the skinfold thickness (Harpenden skinfold caliper, 172 

Milan, Italy) were measured. Successively, both matrices were placed over the BB using bi-173 

adhesive foams (SpesMedica, Battipaglia, Italy). The grids were mounted closed to each other 174 

to form an array of 128 electrodes (Fig 1.A). The array was located between the proximal and 175 

distal region of the BB, along the direction of the muscle fibers, covering most of the BB area 176 

(23) (Fig 1.A). The large number of electrodes used allowed the accurate identification of the 177 

innervation zone and selection of channels with propagating action potentials. Moreover, the 178 

high-density configuration improves the reliability of MFCV estimates and of the EMG 179 

recordings considerably (23, 46). The ground electrode was placed on the wrist of the non-180 

dominant arm. Two reference electrodes were placed on the vertebra prominens and on the 181 

acromion. The EMG signals were amplified and band-pass filtered and converted to digital 182 

data by a multichannel amplifier (3dB bandwidth, 10-500 Hz; EMG-USB2+ multichannel 183 

amplifier, OT Bioelettronica, Turin, Italy). The same multichannel amplifier synchronized the 184 

HDsEMG and force signals.  185 

 186 

Procedures 187 

Before the measurements, the volunteers performed a standardized warm-up, which 188 

consisted in four contractions at 50% of their perceived maximal voluntary force, four at ~75%, 189 

and one submaximal ~90% contraction. Each contraction was separated by 15 s. Following 190 

the warm-up with a recovery time of 5 min, the subjects completed three MVC, with 1 minutes 191 

of rest in between. The volunteers were encouraged to “push as hard as possible” for at least 192 

3 s while receiving feedback on the exerted force and on the force exerted in the previous 193 
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MVC contractions. The greatest force was recorded as the maximum voluntary force (MVF). 194 

After 5 minutes of rest eight explosive force contractions were performed in two blocks of four 195 

contractions each. The blocks were separated by 5 min of rest and the individual contractions 196 

within each block were separated by 20 s of rest. For the explosive force contractions, 197 

volunteers were instructed to relax and flex the elbow “as fast and hard” as possible after 198 

hearing an auditory cue. Volunteers were instructed to exceed the 75% of MVF threshold, 199 

which was displayed with a horizontal cursor on the monitor, without performing any 200 

countermovement. Only contractions that did not show any counter movement (≤ 0.5 Newtons 201 

(N) from the baseline of force in the 150 ms before the onset of force) were included within 202 

each block and used for the analysis. 203 

 204 

Force signal analysis 205 

In the offline analysis, the force signal was converted in N and multiplied by the respective 206 

lever length in order to obtain torque (N*m). Successively, the torque signal was filtered with 207 

a low-pass fourth-order, zero-lag Butterworth filter with a cut-off frequency of 400 Hz. The 208 

torque onset (T0) was determined with a visually detection method used in previous studies 209 

(48). After the onset detection was found, the force was filtered with zero-lag Butterworth filter 210 

with a cut-off frequency of 20 Hz. This two-step filtering procedure allowed to first detect 211 

precisely the onset of force in the 400 Hz low pass filtered signal (49) and then the 20 Hz filter 212 

removed all the non-physiological frequencies in the signal. The 20 Hz low pass filter 213 

guaranteed an undistorted signal in all cases with respect to the 400 Hz filtered signal, that 214 

was checked in all the explosive force contractions. The onset value was used to determine 215 

the torque values at 50 ms (T50), 100 ms (T100), 150 ms (T150), and 200 ms (T200) after the 216 

onset (Fig. 1 C-D). The five contractions with the highest force values at T150 were used for the 217 

analysis. The absolute torque values at different time points were normalized by the respective 218 

maximal torque (T / maximal voluntary torque (MVT)). The RTD (i.e., RTD100-150 = T150 - T100 / 219 

0.05 s) was calculated in three-time intervals, RTD0-50, RTD50-100, and RTD100-150 for both the 220 
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absolute and relative torque values (e.g., RTD-rel0-50) (Fig. 2 A-B). The force analysis was 221 

completed with MATLAB 2015 (MathWorks Inc., Natick, MA). 222 

 223 

EMG Processing 224 

Single differential HDsEMG signals (SD) were calculated from the monopolar derivations for 225 

each column of the two bi-dimensional arrays. SD signals for each column were visually 226 

inspected and the six SD channels with the highest coefficient of correlation (CC) (CC ≥ 0.8) 227 

and clear MUAPs propagation without shape change from the nearest innervation zone to the 228 

distal tendon (Fig. 1 C-D) were chosen for the analysis. The columns of the matrix that were 229 

selected for the estimates of MFCV corresponded to the central part (between the first three 230 

central columns) of the two bi-dimensional arrays, as they corresponded to the channels with 231 

the highest quality (CC and propagation). MFCV was computed using an algorithm that allows 232 

highly accurate estimates of conduction velocities from multichannel EMG signals and whose 233 

reliability and validity has been previously assessed in both isometric and dynamic 234 

contractions, with robust intraclass coefficient of correlations (>75% ICC)  (20, 22, 23). During 235 

isometric contractions the between day coefficient of variability in MFCV is lower than 2%  and 236 

with ICC >88% (33). The increase in the number of ≥ 6 EMG channels allows accurate to 237 

detect changes of MFCV as small as of 0.1 m/s when compared to bipolar signals (>0.4 m/s) 238 

(16), therefore the current methodology has been considered to be gold standard approach 239 

for MFCV estimates (16). The BB muscle was chosen in this study because it has been shown 240 

to provide estimates of MFCV with good reliability (23). Maximal muscle fiber conduction 241 

velocity (MFCVMAX) was estimated during the MVF contraction in time windows of 50 ms, from 242 

500 ms before to 250 ms after peak torque during the MVF. The choice of this interval for the 243 

estimation of MFCVMAX was due to the delay between recruitment and motor unit peak twitch 244 

forces. After determining the maximal value of MFCV, MFCV was estimated during the 245 

explosive force contractions in intervals of 50 ms. For each explosive contraction, the onset of 246 

EMG activity was assessed visually (Fig. 1. C-D) and MFCV was estimated from five intervals, 247 

corresponding to the electromechanical delay (EMD = T0 (s) – EMG onset (s)), and the four 248 
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50-ms intervals following T0 (MFCVEMD, MFCV0-50, MFCV50-100, MFCV100-150, MFCV150-200). 249 

MFCV absolute and normalized values (MFCV (m/s) / MFCVMAX) were averaged over the five 250 

explosive contractions selected for the analysis (e.g., MFCVrel0-50).  251 

 252 

 253 

Statistics 254 

The Shapiro-Wilk test confirmed the normal distribution of the extracted variables. The number 255 

of participants needed for the study was estimated with a statistical power analysis test 256 

(function sampsizepr in MATLAB) with the current literature data about MFCV and RTD, and 257 

successively progressively tested with the data collected in the present study. The significance 258 

level of the power test was set with a P value of 0.05. Two-way repeated measures analysis 259 

of variance ANOVA (group x time) was used to assess differences in explosive force, RTD 260 

and MFCV for both absolute and normalized values. The ANOVA included the five-time 261 

intervals from EMG or torque onset during the explosive contractions. Bonferroni stepwise 262 

corrected paired t-tests were used to assess differences between groups at different time 263 

intervals. Moreover, Pearson product-moment coefficient of correlation was used to assess 264 

the linear relation between RTD and MFCV and the coefficient of determination (R2) was used 265 

as an index of prediction power. The Bonferroni correction was applied to the regression 266 

significance values. Independent sample t-tests were used to assess differences between 267 

groups for all other variables (MVF, MFCVMAX, skinfold and arm circumference). Statistical 268 

analysis was completed using SPSS version 14 (SPSS Inc., Chicago, IL) and MATLAB. The 269 

significance level was set at P < 0.05. Data are reported as mean and SD.  270 

 271 

RESULTS 272 

 273 

Electromechanical Delay, Anthropometry, and Statistical Power 274 

The EMD did not differ between the two groups (ST 62.4 ± 10.8 vs controls 60.2 ± 12.1 ms, 275 

p>0.05). Moreover, there was no difference in the subcutaneous fat layer thickness between 276 
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groups (ST 4.11 ± 0.71, control group 4.45 ± 1.05 mm, p>0.05) whereas the arm 277 

circumference was greater for the ST (36 ± 1.51 vs 29.3 ± 2.58 cm, p<0.05). The power 278 

analysis showed that 7 subjects per cohort were needed to obtain a power of 90% for MFCV 279 

and RTD estimates. 280 

 281 

Force 282 

Maximal torque was significantly greater for the ST compared to controls (99.6 ± 21.6 vs 60.5 283 

± 8.7 (N∙m), p<0.001). The ST also developed higher torques at 50, 100, 150, and 200 ms 284 

from contraction onset (p<0.001). Moreover, the RTD during the initial phase (0-50) of the 285 

contraction was greater for the resistance trained individuals than controls (861.82 ± 104.6 vs 286 

342 ± 93 N∙m∙s-1, p<0.001; Fig 2A).  287 

 288 

When torque at different time points was expressed relative to the MVT, the ST achieved 289 

higher relative torques in the first two phases of contraction (T50 and T100, 43 ± 5.2 vs 17.1 ± 290 

4.6 T50, 63.45 ± 10 vs 33.25 ± 4.4 T100 %MVT, p<0.001). However, the RTD was greater only 291 

in the first 50 ms of contraction for the ST (887.6 ± 152 vs. 568.5 ± 148.66 %MVT∙s-1, p<0.001 292 

%MVT∙s-1, p<0.001; Fig 2B). The relative explosive force at T150 and T200 was similar for both 293 

cohorts (p>0.05). Conversely, the normalized RTD50-100 and RTD100-150 was greater for the 294 

controls (536.4 ± 112 vs 404.9 ± 96.3 MVT∙s-1, 356.2 ± 110.4 vs 271.4 ± 69.4, MVT∙s-1; 295 

p<0.001; Fig 2B). 296 

 297 

Muscle fiber conduction velocity 298 

Maximal MFCV during MVT (MFCVMAX) ranged from 5.05 to 5.82 m/s in ST and from 4.93 to 299 

5.26 m/s in the controls with the ST group having a significantly higher MFCVMAX compared to 300 

controls (5.37 ± 0.27 vs 5.04 ± 0.11 m/s p<0.001).  301 

 302 

MFCV during the explosive force contractions ranged from 3.44 to 5.45 m/s and the lowest 303 

value of MFCV corresponded to the time interval during the electromechanical delay 304 
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(MFCVEMD) for all participants. From this value, MFCV consistently increased in the second-305 

time interval (MFCV0-50) (Fig 3, p<0.01). This indicates recruitment of motor units with 306 

progressively larger diameter fibers with increase in torque (34, 52, 53), that is related to the 307 

progressive recruitment by size (30, 52). However, the ST achieved a higher MFCVEMD 308 

compared to the controls (4.44 ± 0.13 vs 3.83 ± 0.20 m/s, p<0.001; Fig 3A), even when 309 

MFCVEMD was normalized to MFCVMAX (82.57 ± 3.13 vs 75.86 ± 3.55 MFCV-relEMD, p<0.001; 310 

Fig. 3B). Moreover, the early phase of absolute and normalized MFCV estimates was 311 

correlated to RTD (Table 1. Fig. 4; RTD and MFCV correlations paragraph).  312 

  313 

The ST cohort maintained a greater absolute and normalized MFCV value throughout the full 314 

duration of the explosive contractions (p<0.001; Fig. 3A). Interestingly the time-MFCV curve 315 

had a similar pattern for the ST compared to the controls (Fig 3A-B). MFCV indeed increased 316 

linearly from EMD until reaching a plateau at MFCV50-100 (p<0.001) for both groups (Fig. 3A-317 

B). This observation indirectly indicates that the muscle full motor unit recruitment may have 318 

been completed before the first 100 ms of explosive force production. 319 

 320 

RTD and MFCV correlations 321 

Table 1 shows the R2 values and significance of the linear associations between RTD and 322 

MFCV in the analyzed time windows when pooling the groups together. Estimates of MFCV 323 

were positively correlated with RTD only in the time window RTD0-50 (Fig. 4, Table 1). The 324 

prediction power (R2) decreased with consecutive MFCV estimates, and it was maximum at 325 

MFCVEMD (Table 1). A similar pattern was observed for normalized MFCV estimates (Table 326 

1), however relative MFCV showed a lower prediction power in comparison with absolute 327 

MFCV estimates (Table 1). Moreover, a significant positive association was found between 328 

RTD-rel0-50 and a negative relation between RTD-rel50-100 and MFCV, p<0.001 (Table 1). 329 

 330 

For the resistance trained individuals, a negative correlation was found between normalized 331 

RTD100_150 and absolute MFCV (average R2 for all MFCV estimates when plotted as a function 332 
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of RTD100_150 values = -0.59 ± 0.2, p < 0.001). During the same RTD time window, the 333 

correlation for the controls was not significant (p>0.05).  334 

 335 

DISCUSSION 336 

 MFCV was measured during explosive force contractions in a group of resistance trained 337 

individuals and a control cohort. ST exhibited greater explosive force, early rate of torque 338 

development (RTD), and MFCV with respect to controls throughout the contraction. When 339 

explosive force was normalized to maximal force, ST had a higher RTD at the beginning of 340 

the contraction (0-50 ms). Moreover, a greater absolute and normalized conduction velocity 341 

(MFCVMAX) during the electromechanical delay (EMD) and in the first 50 ms of force generation 342 

was found for the ST. The greater normalized MFCVEMD for the ST implies a faster recruitment 343 

of motor units with greater conduction velocities. This is the first study showing that ST may 344 

recruit larger motor units in a shorter amount of time. 345 

 346 

Muscle fiber conduction velocity  347 

The average MFCV values are well in agreement with previous reports of MFCV during steady 348 

state contractions. For example, Farina and colleagues reported estimates of MFCV in the 349 

biceps brachii during isometric steady state contractions at 50% MVC of ~4.6 m/s (23). Zwarts 350 

and Arendt-Nielsen estimated MFCV at high contraction forces of the biceps brachii and 351 

reported values ranging between 3.22 and 5.11 m/s (54). MFCV average values in the present 352 

study were also in agreement with estimates of single motor unit conduction velocities (MUCV) 353 

using intramuscular electromyography recordings during voluntary and electrical activation of 354 

the biceps muscle. Moreover, the present estimates are also in accordance with other studies 355 

involving different muscular contractions and protocols (18, 19, 25, 34, 35, 41, 42).  356 

Interestingly, only two studies assessed MFCV in power athletes and only during electrical 357 

stimulation and maximal voluntary contractions (36, 45). Sadoyama and colleagues reported 358 

a significantly higher maximal MFCV in a group of trained sprinters compared to endurance 359 
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runners (4.84 vs 4.31 m/s) (45). Moreover, they reported a significant relation between the 360 

relative area of fast twitch fibers and conduction velocity (45).  361 

 362 

Recently, Methenitis and colleagues estimated MFCV during electrical stimulation of muscle 363 

fibers in endurance runners, power trained and ST individuals, and measured separately RTD 364 

(36). They reported significant relations between MFCV, muscle fiber cross-sectional area and 365 

rate of force development (36). However, estimates of MFCV were assessed during electrical 366 

stimulation and thus separately from the voluntary generation of explosive force. Therefore, it 367 

was not possible to associate the underlying neural strategies of muscle control to explosive 368 

force performance. Collectively, these previous results indicate that MFCV may be an indicator 369 

of muscle explosive performance, although no previous study assessed MFCV during 370 

explosive torque generation.  371 

 372 

Explosive force and RTD  373 

The RTD was significantly greater for the ST during the early phase of explosive force 374 

generation (Fig 3A). However, when the moment-time curve was normalized to the maximal 375 

strength, the RTD for the resistance trained subjects was significantly different only in the first 376 

50 ms of contraction (Fig 3B). Because the relative explosive force at 150 and 200 ms from 377 

contraction onset was similar between the two groups, the controls developed higher RTD 378 

during the second and third time window from force onset (Fig 3B).  379 

 380 

Previous studies found an increase in the EMG amplitude and rate of force development in 381 

the initial phase of contraction after four weeks of resistance training (5). In addition, a greater 382 

normalized rate of force development in the first 50 ms of contraction was found for power 383 

athletes during knee extensor explosive torque. Because the first 50 ms of contraction strongly 384 

reflect neural activation (7, 9, 10, 43), strength or power training presumably increase RTD by 385 

an earlier recruitment of motor units, as discussed in the following.  386 

 387 
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MFCV during explosive force 388 

ST individuals have the ability to develop higher levels of force in the first 50 ms of contraction. 389 

This seems to be associated to greater MFCV in the same time interval which indicates 390 

recruitment of motor units with greater conduction velocity. The role of motor unit recruitment 391 

during explosive force contraction is not well understood because it is not possible to identify 392 

representative population of individual motor unit action potentials in very short time intervals.  393 

 394 

The primary determinant of motor unit twitch force is the number of muscle fibers innervated 395 

by the axon (11, 50). Motor unit peak twitch forces in humans range from ~6 to ~78 mN•m 396 

with maximal tetanic forces ranging from ~30 to ~200 mN•m (29, 31). Therefore, one of the 397 

mechanisms that determined the increase in RTD during the first 0-50 ms interval in the ST 398 

may have been the recruitment of larger motor units with greater and faster twitches.  399 

 400 

MFCV increases with voluntary force production due to the relation between motor unit 401 

recruitment thresholds and fiber diameter (3, 6, 28, 52). This association implies that the 402 

ordered recruitment of motor units may be assessed by estimates of conduction velocity (53). 403 

We have recently reported that large, high-threshold motor units innervate fibers with large 404 

diameter (52), which explains the association between motor unit mechanical properties and 405 

conduction velocity, previously reported (3). Moreover, we have recently demonstrated that 406 

the increase in average MFCV during voluntary force contractions is associated to the 407 

increase in single motor unit conduction velocities and predicts recruitment thresholds at the 408 

individual subject level (53). 409 

 410 

In the present study, MFCV was the average of the conduction velocities of the active motor 411 

units during explosive force contractions, in time intervals of 50 ms following EMG onset. We 412 

showed for the first time that there may be significant differences in the recruited motor units 413 

during explosive tasks in ST compared to moderately active individuals. Absolute MFCV 414 

values were greater in ST throughout the full duration of the explosive contractions (Fig. 3.A). 415 
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Moreover, the early absolute and normalized MFCV was positively associated to RTD (Fig. 416 

4). Because absolute MFCV values are linearly related to the diameters of muscle fibers, 417 

higher absolute conduction velocity values may indicate that ST have muscle fibers with larger 418 

diameters compared to controls (17, 37).  419 

  420 

However, when MFCV values were normalized to the maximal value during MVF (full motor 421 

unit recruitment), ST had a significantly greater MFCV-rel during the initial phase of explosive 422 

contractions. Specifically, MFCV-relEMD and MFCV-rel0-50 were on average ~9% greater (Fig 423 

4B). This suggests that during the early phase of explosive force, ST have the ability to recruit 424 

larger motor units with faster conduction velocities in a shorter time. It takes ~100ms more for 425 

the controls to reach similar values of normalized MFCV compared to the ST. Interestingly, 426 

the changes in conduction velocity did not differ between groups (Fig. 4A-B) and the MFCV 427 

plateaued in the interval 50-100 ms that can be interpreted as full motor unit recruitment (53). 428 

This interpretation is in agreement with previous studies reporting that most motor units are 429 

recruited at 1/3 of maximal force during explosive contractions (9, 10). Moreover, MFCV 430 

increased in all subjects from EMD to 0-50, indicating that the ordered recruitment according 431 

to the size of the motor unit was preserved during the explosive tasks in both populations.  432 

 433 

The underlying mechanism that may determine an increase in explosive force for the power 434 

athletes may be an anticipated recruitment of larger threshold motor units with higher 435 

conduction velocities. The range of MFCV within a muscle can as high as ~2 m/s (52) with 436 

larger, high threshold motor units having significantly greater MFCV. A faster motor unit 437 

recruitment (and conduction velocity) would achieve greater peak mechanical torques in a 438 

shorter time due to the intrinsic mechanical properties of the motor units and due to a 439 

shortening of myosin-actin cross-bridge cycle. The release of calcium from the sarcoplasmic 440 

reticulum seems to be correlated the speed the action potential on the fiber membrane (15). 441 

Indeed, MFCV is related motor unit time-to-peak forces (3). The increase in MFCV may 442 

potentially allow a faster calcium uptake and thus anticipating the rise in force.  443 
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 444 

Van Cutsem and colleagues reported an increase in motor unit discharge rates following 445 

ballistic training (8) and concluded, in agreement with other studies, that RTD depends on 446 

motor unit discharge rate (8, 10, 12). On the other hand, the recruitment threshold of motor 447 

units significantly influences the discharge rate at a given absolute force (Duchateau & Baudry, 448 

2014). Anticipating the recruitment of high threshold motor units would result in motor unit 449 

peak discharge rate and motor unit peak RTD in a shorter time. Accordingly, in the present 450 

study, MFCV was positively associated with RTD (Table 1, Fig 4A), suggesting that motor unit 451 

recruitment may play an important role in explosive force production.  452 

 453 

Interestingly, the correlation between RTD0-50 and early MFCV values (MFCVEMD,0-50) was 454 

different for the ST and untrained individuals. MFCVEMD was correlated with RTD0-50 in the ST 455 

group (Fig. 4). This result indicate that ST completed the motor unit recruitment during the 456 

very early phase of explosive force, i.e. between the EMD and the first 50 ms from contraction 457 

onset (Fig. 4B). The increase in MFCV during the explosive force at the time points 50 and 458 

100 for the ST is presumably due to some subjects continuing the recruitment, whilst the 459 

subjects with higher RTD achieving a faster plateau in MFCV (Fig. 4).   460 

 461 

When pooling both cohorts together, a positive association between RTD-rel0-50 and early 462 

MFCV-rel0-50 was observed (Table 1). Further, there was a significant inverse relation between 463 

RTD-rel50-100, and MFCV, supporting the hypothesis that MFCV (and motor unit recruitment) is 464 

a determinant factor for human explosive force. These negative associations between 465 

normalized RTD and MFCV are explained by greater RTD values of the controls in the second-466 

time interval, with lower conduction velocity (Fig. 3). Indeed, it took more time for the untrained 467 

individuals to reach high MFCV (and full motor unit recruitment) values (Fig 3,4). Moreover, 468 

RTD-rel100-150, and MFCV-rel50-100/MFCV-rel100-150 were inversely correlated in the ST due to 469 

the decrease in RTD after the initial interval and concurrent increase in MFCV. It must be 470 

noted that the number of subjects in the present work may be too low for a correlation study. 471 
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Future studies assessing the relation between MFCV and explosive force in large cohorts and 472 

longitudinal interventions are warranted.  473 

 474 

Conclusion 475 

Resistance trained individuals showed an increase in RTD and explosive force in the very 476 

early phase of contraction that was accompanied by an increase in absolute and normalized 477 

MFCV, when compared to controls. These observations may be explained by recruitment of 478 

fast twitch motor units (i.e., large motor units with large muscle fibers diameters) in a shorter 479 

amount of time in the resistance trained cohort than controls. In addition to the functional 480 

implications in the study of human explosive force, the study also presents a methodology that 481 

may be applied in the assessment of the neural strategies of muscle control in health, training, 482 

and pathology.  483 

 484 

Conflict of interest 485 

The authors declare no conflict of interest 486 

 487 

 488 

Acknowledgements 489 

Alessandro Del Vecchio has received funding from the University of Rome “Foro Italico”. 490 

Francesco Negro has received funding from the European Union’s Horizon 2020 research 491 

and innovation programme under the Marie Skłodowska-Curie grant agreement No 702491 492 

(NeuralCon).  493 

 494 

 495 

 496 

 497 

 498 

 499 



19 
 

 500 

 501 

 502 

 503 

 504 

 505 

 506 

 507 

Reference 508 

1.  Aagaard P, Simonsen EB, Andersen JL, Magnusson P, Dyhre-Poulsen P. 509 

Increased rate of force development and neural drive of human skeletal muscle 510 

following resistance training. J Appl Physiol 93: 1318–1326, 2002. 511 

2.  Aagaard P, Simonsen EB, Andersen JL, Magnusson P, Dyhre-poulsen P, 512 

Simonsen EB, Andersen JL, Magnusson P, Dyhre-Poulsen P. Increased rate of 513 

force development and neural drive of human skeletal muscle following resistance 514 

training. J Appl Physiol 93: 1318–1326, 2002. 515 

3.  Andreassen S, Arendt-Nielsen L. Muscle fibre conduction velocity in motor units of 516 

the human anterior tibial muscle: a new size principle parameter. J Physiol 391: 561–517 

571, 1987. 518 

4.  Balshaw TG, Massey GJ, Maden-Wilkinson TM, Tillin NA, Folland JP. Training-519 

specific functional, neural, and hypertrophic adaptations to explosive- vs. sustained-520 

contraction strength training. J Appl Physiol 120: 1364–1373, 2016. 521 

5.  Barry BK, Warman GE, Carson RG. Age-related differences in rapid muscle 522 

activation after rate of force development training of the elbow flexors. Exp Brain Res 523 

162: 122–132, 2005. 524 

6.  Blijham PJ, ter Laak HJ, Schelhaas HJ, van Engelen BGM, Stegeman DF, Zwarts 525 

MJ. Relation between muscle fiber conduction velocity and fiber size in 526 

neuromuscular disorders. J Appl Physiol 100: 1837–1841, 2006. 527 



20 
 

7.  Van Cutsem M, Duchateau J. Preceding muscle activity influences motor unit 528 

discharge and rate of torque development during ballistic contractions in humans. J 529 

Physiol 562: 635–644, 2005. 530 

8.  Van Cutsem M, Duchateau J, Hainaut K. Changes in single motor unit behaviour 531 

contribute to the increase in contraction speed after dynamic training in humans. J 532 

Physiol 513: 295–305, 1998. 533 

9.  Desmedt JE, Godaux E. Ballistic contractions in man: characteristic recruitment 534 

pattern of single motor units of the tibialis anterior muscle. J Physiol 264: 673–693, 535 

1977. 536 

10.  Desmedt JE, Godaux E. Ballistic contractions in fast or slow human muscles: 537 

discharge patterns of single motor units. J Physiol 285: 185–196, 1978. 538 

11.  Dideriksen JL, Farina D. Motor unit recruitment by size does not provide functional 539 

advantages for motor performance. J Physiol 591: 6139–56, 2013. 540 

12.  Duchateau J, Baudry S. Maximal discharge rate of motor units determines the 541 

maximal rate of force development during ballistic contractions in human. Front Hum 542 

Neurosci 8: 9–11, 2014. 543 

13.  Duchateau J, Semmler JG, Enoka RM. Training adaptations in the behavior of 544 

human motor units. J Appl Physiol 101: 1766–1775, 2005. 545 

14.  Erskine RM, Fletcher G, Folland JP. The contribution of muscle hypertrophy to 546 

strength changes following resistance training. Eur J Appl Physiol 114: 1239–1249, 547 

2014. 548 

15.  Farina D, Arendt-Nielsen L, Graven-Nielsen T. Effect of temperature on spike-549 

triggered average torque and electrophysiological properties of low-threshold motor 550 

units. J Appl Physiol 99: 197–203, 2005. 551 

16.  Farina D, Arendt-Nielsen L, Merletti R, Graven-Nielsen T. Assessment of single 552 

motor unit conduction velocity during sustained contractions of the tibialis anterior 553 

muscle with advanced spike triggered averaging. J Neurosci Methods 115: 1–12, 554 

2002. 555 



21 
 

17.  Farina D, Ferguson RA, Macaluso A, De Vito G. Correlation of average muscle 556 

fiber conduction velocity measured during cycling exercise with myosin heavy chain 557 

composition, lactate threshold, and VO2max. J Electromyogr Kinesiol 17: 393–400, 558 

2007. 559 

18.  Farina D, Gazzoni M, Camelia F. Conduction velocity of low-threshold motor units 560 

during ischemic contractions performed with surface EMG feedback. J Appl Physiol 561 

98: 1487–94, 2005. 562 

19.  Farina D, Macaluso A, Ferguson RA, De Vito G. Effect of power, pedal rate, and 563 

force on average muscle fiber conduction velocity during cycling. J Appl Physiol 97: 564 

2035–2041, 2004. 565 

20.  Farina D, Muhammad W, Fortunato E, Meste O, Merletti R, Rix H. Estimation of 566 

single motor unit conduction velocity from surface electromyogram signals detected 567 

with linear electrode arrays. Med Biol Eng Comput 39: 225–236, 2001. 568 

21.  Farina D, Negro F, Dideriksen JL. The effective neural drive to muscles is the 569 

common synaptic input to motor neurons. J Physiol 49: 1–37, 2014. 570 

22.  Farina D, Pozzo M, Merlo E, Bottin A, Merletti R. Assessment of average muscle 571 

fiber conduction velocity from surface EMG signals during fatiguing dynamic 572 

contractions. IEEE Trans Biomed Eng 51: 1383–1393, 2004. 573 

23.  Farina D, Zagari D, Gazzoni M, Merletti R. Reproducibility of muscle-fiber 574 

conduction velocity estimates using multichannel surface EMG techniques. Muscle 575 

and Nerve 29: 282–291, 2004. 576 

24.  Farrell M, Richards JG. Analysis of the reliability and validity of the kinetic 577 

communicator exercise device. Med Sci Sports Exerc 18: 44–9, 1986. 578 

25.  Felici F, Bazzucchi I, Sgrò P, Quinzi F, Conti A, Aversa A, Gizzi L, Mezzullo M, 579 

Romanelli F, Pasquali R, Lenzi A, Di Luigi L. Acute severe male hypo-580 

testosteronemia affects central motor command in humans. J Electromyogr Kinesiol 581 

28: 184–192, 2016. 582 

26.  Felici F, Rosponi A, Sbriccoli P, Filligoi GC, Fattorini L, Marchetti M. Linear and 583 



22 
 

non-linear analysis of surface electromyograms in weightlifters. doi: 584 

10.1007/s004210000364. 585 

27.  Folland JP, Buckthorpe MW, Hannah R. Human capacity for explosive force 586 

production: Neural and contractile determinants. Scand J Med Sci Sport 24: 894–906, 587 

2014. 588 

28.  Håkansson CH. Conduction Velocity and Amplitude of the Action Potential as 589 

Related to Circumference in the Isolated Fibre of Frog Muscle. Acta Physiol Scand 590 

37: 14–34, 1956. 591 

29.  Heckman CJ, Enoka RM. Motor Unit. Compr Physiol 2: 2629–2682, 2012. 592 

30.  Henneman E. Relation between size of neurons and their susceptibility to discharge. 593 

Science 126: 1345–7, 1957. 594 

31.  Macefield VG, Fuglevand  a J, Bigland-Ritchie B. Contractile properties of single 595 

motor units in human toe extensors assessed by intraneural motor axon stimulation. J 596 

Neurophysiol 75: 2509–2519, 1996. 597 

32.  Maffiuletti NA, Aagaard P, Blazevich AJ, Folland J, Tillin N, Duchateau J. Rate of 598 

force development: physiological and methodological considerations. Eur J Appl 599 

Physiol : 1–26, 2016. 600 

33.  Martinez-Valdes E, Laine CM, Falla D, Mayer F, Farina D. High-density surface 601 

electromyography provides reliable estimates of motor unit behavior. Clin 602 

Neurophysiol 127: 2534–2541, 2016. 603 

34.  Masuda T, De Luca CJ. Recruitment threshold and muscle fiber conduction velocity 604 

of single motor units. J Electromyogr Kinesiol 1: 116–123, 1991. 605 

35.  Merletti R, Knaflitz M, De Luca CJ. Myoelectric manifestations of fatigue in voluntary 606 

and electrically elicited contractions. J Appl Physiol 69: 1810–1820, 1990. 607 

36.  Methenitis S, Karandreas N, Spengos K, Zaras N, Stasinaki A-N, Terzis G. 608 

Muscle Fiber Conduction Velocity, Muscle Fiber Composition, and Power 609 

Performance. Med Sci Sports Exerc 48: 1761–1771, 2016. 610 

37.  Methenitis S, Karandreas N, Spengos K, Zaras N, Stasinaki AN, Terzis G. Muscle 611 



23 
 

Fiber Conduction Velocity, Muscle Fiber Composition, and Power Performance. Med 612 

Sci Sports Exerc 48: 1761–1771, 2016. 613 

38.  Nandedkar SD, Stålberg E. Simulation of single muscle fibre action potentials. Med 614 

Biol Eng Comput 21: 158–165, 1983. 615 

39.  Peñailillo L, Blazevich  a, Numazawa H, Nosaka K. Rate of force development as a 616 

measure of muscle damage. Scand J Med Sci Sports : 1–11, 2014. 617 

40.  Plonsey R, Barr RC. Bioelectricity: A quantitative Approach. 2007. 618 

41.  Pozzo M, Merlo E, Farina D, Antonutto G, Merletti R, Di Prampero PE. Muscle-619 

fiber conduction velocity estimated from surface EMG signals during explosive 620 

dynamic contractions. Muscle and Nerve 29: 823–833, 2004. 621 

42.  Rodriguez-Falces J, Malanda A, Latasa I, Lavilla-Oiz A, Navallas J. Influence of 622 

timing variability between motor unit potentials on M-wave characteristics. J 623 

Electromyogr Kinesiol 30: 249–262, 2016. 624 

43.  de Ruiter CJ, Kooistra RD, Paalman MI, de Haan A. Initial phase of maximal 625 

voluntary and electrically stimulated knee extension torque development at different 626 

knee angles. J Appl Physiol 97: 1693–1701, 2004. 627 

44.  de Ruiter CJ, Vermeulen G, Toussaint HM, de Haan A. Isometric Knee-Extensor 628 

Torque Development and Jump Height in Volleyball Players. Med. Sci. Sport. Exerc. 629 

(2007). doi: 10.1097/mss.0b013e318063c719. 630 

45.  Sadoyama T, Masuda T, Miyata H, Katsuta S. Fiber conduction velocity and fibre 631 

composition in human vastus medialis. Eur J Appl Physiol 57: 767–771, 1988. 632 

46.  Staudenmann D, Kingma I, Stegeman DF, van Dieën JH. Towards optimal multi-633 

channel EMG electrode configurations in muscle force estimation: a high density EMG 634 

study. J Electromyogr Kinesiol 15: 1–11, 2005. 635 

47.  Tillin NA, Folland JP. Maximal and explosive strength training elicit distinct 636 

neuromuscular adaptations, specific to the training stimulus. Eur J Appl Physiol 114: 637 

365–374, 2014. 638 

48.  Tillin NA, Jimenez-Reyes P, Pain MTG, Folland JP. Neuromuscular performance of 639 



24 
 

explosive power athletes versus untrained individuals. Med Sci Sports Exerc 42: 781–640 

790, 2010. 641 

49.  Tillin NA, Pain MTG, Folland JP. Identification of contraction onset during explosive 642 

contractions. Response to Thompson et al. “Consistency of rapid muscle force 643 

characteristics: Influence of muscle contraction onset detection methodology” [J 644 

Electromyogr Kinesiol 2012;22(6):893-900]. J Electromyogr Kinesiol 23: 991–994, 645 

2013. 646 

50.  Tötösy de Zepetnek JE, Zung H V, Erdebil S, Gordon T. Innervation ratio is an 647 

important determinant of force in normal and reinnervated rat tibialis anterior muscles. 648 

J Neurophysiol 67: 1385–403, 1992. 649 

51.  Del Vecchio A, Bazzucchi I, Felici F. Variability of estimates of muscle fiber 650 

conduction velocity and surface EMG amplitude across subjects and processing 651 

intervals. J. Electromyogr. Kinesiol. (2018). doi: 652 

https://doi.org/10.1016/j.jelekin.2018.04.010. 653 

52.  Del Vecchio A, Negro F, Felici F, Farina D. Distribution of muscle fiber conduction 654 

velocity for representative samples of motor units in the full recruitment range of the 655 

tibialis anterior muscle. Acta Physiol Scand 38: 42–49, 2017. 656 

53.  Del Vecchio A, Negro F, Felici F, Farina D. Associations between motor unit action 657 

potential parameters and surface EMG features. J Appl Physiol 123: 835–843, 2017. 658 

54.  Zwarts MJ, Arendt-Nielsen L. The influence of force and circulation on average 659 

muscle fibre conduction velocity during local muscle fatigue. Eur J Appl Physiol Occup 660 

Physiol 58: 278–283, 1988. 661 

 662 

 663 

 664 

 665 

 666 

 667 



25 
 

 668 

 669 

 670 

 671 

 672 

 673 

 674 

 675 

 676 

 677 

 678 

 679 

 680 

 681 

 682 

 683 

 684 

 685 

 686 

 687 

FIGURE CAPTIONS 688 

Fig. 1. A: Two high-density surface EMG arrays of 64 of electrodes each. B: Time-torque 689 

curve during an isometric explosive contraction (black line) and the activity of 128 monopolar 690 

channels recorded from the biceps brachii muscle. C. Ten single differential EMG signals 691 

during an explosive force contraction from a control subject. The innervation zone (IZ) and 692 

several motor unit action potentials (MUAPs) propagating in the distal direction can be seen. 693 

D. In these signals recorded from a strength trained individual, several MUAPs propagating at 694 
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a significant higher velocity can be seen compared to the control subject. The dotted line 695 

indicates the time-torque curve. 696 

Fig 2. Rate of torque development (RTD) in absolute (A) and normalized (B) values. Black 697 

bars represent the strength trained individuals and white bar for the controls. Data are reported 698 

as mean and SD. * = p< 0.001 699 

Fig. 3. Muscle fiber conduction velocity (MFCV) in absolute (A) and normalized (B) values. 700 

Filled circles for the strength trained individuals. Correlation coefficients (R2 and regression 701 

lines are given). Data are reported as mean and SD.  * = p<0.01. 702 

Fig. 4. Correlation between RTD0-50 and MFCVEMD,0-50. Filled circles for the strength trained 703 

individuals. Correlation coefficients (R2 and regression lines are given) * = p<0.05. 704 
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Fig 2.
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Fig 3.

Time windows from EMG and force onset (ms)
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Fig 4.
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