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Abstract 23 

Aim: Motor units are recruited in an orderly manner according to the size of motor neurons. Moreover, 24 

because larger motor neurons innervate fibers with larger diameters than smaller motor neurons, motor 25 

units should be recruited orderly according to their conduction velocity (MUCV). Because of technical 26 

limitations, these relations have been previously tested either indirectly or in small motor unit samples that 27 

revealed weak associations between motor unit recruitment threshold (RT) and MUCV. Here we analyze 28 

the relation between MUCV and RT for large samples of motor units.  29 

Methods: Ten healthy volunteers completed a series of isometric ankle dorsiflexions at forces up to 70% 30 

of the maximum. Multi-channel surface electromyographic signals recorded from the tibialis anterior muscle 31 

were decomposed into single motor unit action potentials, from which the corresponding motor unit RT, 32 

MUCV, and action potential amplitude were estimated. Established relations between muscle fiber diameter 33 

and CV were used to estimate the fiber size.  34 

Results: Within individual subjects, the distributions of MUCV and fiber diameters were unimodal and did 35 

not show distinct populations. MUCV was strongly correlated with RT (mean (SD) R2 = 0.7 (0.09), p<0.001; 36 

406 motor units), which supported the hypothesis that fiber diameter is associated to RT.  37 

Conclusion: The results provide further evidence for the relations between motor neuron and muscle fiber 38 

properties for large samples of motor units. The proposed methodology for motor unit analysis has also the 39 

potential to open new perspectives in the study of chronic and acute neuromuscular adaptations to ageing, 40 

training, and pathology. 41 
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INTRODUCTION 48 

Motor neurons are recruited in an orderly manner according to the size of their soma1. Motor neurons with 49 

large cell bodies have a great number of dendrites, large axon diameter, and innervate large muscle units 50 

that produce great maximal tensions 2–4. There is a quadratic relation between axon diameter and motor 51 

axon conduction velocity 2,5, so that larger axons have greater conduction velocity (CV) 2,5. At the muscular 52 

level, the CV of action potentials (muscle fiber conduction velocity, MFCV) is linearly related to the diameter 53 

of muscle fibers (MFD) 6,7. Moreover, MUCV is associated to MU recruitment threshold (RT) 8 and therefore 54 

muscle fibers innervated by larger motor axons have larger diameter than those innervated by smaller 55 

axons.  56 

Previous studies analyzed the association between MUCV and RT for small numbers of motor units or 57 

during stimulation of single motor axons 8–10. In these previous studies, motor units may have not been 58 

sampled in a representative way 8,9. Moreover, because of the small MU samples, significant relations 59 

between MUCV and RT have been demonstrated only when pooling subjects together 8. A systematic 60 

analysis of large populations of MUs and their distribution of MUCV is missing. Moreover, estimates of the 61 

properties of large samples of MUs would clarify whether MU properties in humans are clustered in discrete 62 

classes, as shown in animal and in-vitro research studies 3,11, or are continuously distributed, as recently 63 

discussed 4,12–15. 64 

The access to CV measures for large populations of MUs would also provide estimates of average MFD 65 

because of the association between MFD and MFCV 6,16. Currently, the study of muscle properties is often 66 

performed with muscle biopsies, which provide results dissociated from the neural control of the sampled 67 

muscle fibers. Furthermore, the same muscle fiber can co-express several myosin isoform compositions 68 

4,17,18, thus inferring muscular and neural adaptations from muscle biopsies has limitations. For example, 69 

the decrease in muscle size with ageing has been correlated to specific fast-fiber atrophy (type II muscle 70 

fibers) 19,20. Moreover, elderly individuals exhibit lower MU discharge rates 21. However, the cause-effect 71 

relation in these age-related adaptations is unknown 19,20,22,23, mainly because of the lack of methods that 72 

allow direct access to motor neuron behavior and muscle unit properties concurrently, in large samples of 73 

MUs in vivo. 74 
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Here we report the measure of RT and MUCV (and indirectly MFD) in the full recruitment range of the tibialis 75 

anterior muscle and for a large sample of MUs, in a fully non-invasive way. The technique for this 76 

measurement is the combination of methods previously developed for MU identification. Recently, it 77 

became possible to study large samples of MUs in vivo in humans during voluntary contractions 24–26. 78 

Moreover, the estimates of MUCV from multi-channel EMG signals have been advanced to reach 79 

estimation errors as low as 2-3% 27. The aim of the study was to analyze the relation between MUCV and 80 

RT with these techniques to provide novel data on the associations between motor neuron and muscle fiber 81 

properties. 82 

RESULTS 83 

High-density EMG decomposition 84 

Only reliable MU discharge patterns showing a regular discharge after recruitment were selected for the 85 

analysis. Across all subjects and contraction forces, the number of decomposed MUs was 406 (41 ± 17 per 86 

subject), with an average accuracy of 0.93 ± 0.021 (SIL). The average discharge rate was 15.4 ± 2.4 pulses 87 

per second (pps).  88 

Conduction velocity 89 

MUCV ranged from 2.78 to 6.21 m/s (4.32 ± 0.71 m/s) and was significantly correlated with RT in all subjects 90 

(mean R2 = 0.70 ± 0.09, p<0.001, Fig 2). The CV of high threshold MUs was significantly greater compared 91 

to that of low threshold MUs. The average lower and upper limit of MUCV were respectively 3.89 ± 0.50 92 

m/s (for MUs with threshold in the range 0-30% MVC) and 5.12 ± 0.45 m/s (range of thresholds 50-70 % 93 

MVC) (p<0.001). Fig 1. C-D shows a low-threshold and a high-threshold MU action potential. The action 94 

potential of the high threshold MU propagates with a greater velocity with respect to the low threshold unit.  95 

Single MUCV estimates were converted in MFD by equation 1 (see Methods). The average estimated 96 

diameter was 67.46 µm, ranging from 36.60 to 105.32 µm. The group of lower-threshold units (0-30% MVC) 97 

had fibers with mean diameter of 58.97 ± 10.01 µm and that of higher threshold units (50-70% MVC) had 98 

mean diameter of 83.31 ± 9.10 µm. Fig.4 A shows the association between MFD and RT when pooling data 99 

from all subjects (p<0.001) and Fig. 4B reports the frequency of occurrence of muscle unit diameter 100 
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estimated values in the form of a histogram. It is relevant to note that, while this histogram does not show 101 

distinct clusters, there are limitations in discussing its specific shape with respect to fiber diameters and 102 

composition. The distribution estimated by this histogram is a pooled distribution from many subjects. 103 

Moreover, the values of fiber diameters are associated to an estimation error due to both the error in 104 

conduction velocity estimates and in the equation used to associate conduction velocity to diameter. 105 

MUAP properties 106 

MU action potential amplitudes ranged from 15.33 to 501.41 (µV) with an average of 120.22 ± 80.01 (µV). 107 

RMSMU did not show a consistent relation with neither force nor RT of individual MUs, although RMSEMG 108 

was associated to force in all subjects (mean RMSEMG R2 = 0.88 ± 0.040, Table 1). Therefore, the surface 109 

action potential amplitudes and recruitment order (RMSMU) were not the only determinant of the EMG 110 

amplitude-force relation. Only six subjects showed correlation between RMSMU and RT, with weak strength 111 

(R2 = 0.29 ± 0.23, Table 1). Fig.3-A representatively shows that RMSEMG was positively correlated with 112 

voluntary force in Subject 4, however when 77 MU action potentials were extracted from the surface EMG 113 

signal of this subject, the individual RMSMU were poorly correlated with the respective RT (Fig. 3-B). Table 114 

1 shows R2 values for each subject between global and single MU amplitude estimates. 115 

DISCUSSION 116 

CV and amplitude of MU action potentials as well as of the interference EMG were studied in relation to 117 

MU RT or joint force for the full recruitment range of the tibialis anterior muscle. In all subjects, there was a 118 

strong relation between RT and MUCV (and therefore MFD 6,7,16). The results indicate that 1) MUCV is 119 

strongly associated to RT; 2) MUCV, MFD (for individual MUs) and RT are continuously distributed in the 120 

tibialis anterior muscle without clustering in distinct groups; and 3) the size of surface MUAPs only 121 

moderately influences the relation between EMG amplitude and force.  122 

MUCV in the full recruitment range 123 

We have reported representative distributions of MUCV for individual subjects, rather than cumulative 124 

results over several subjects pooled together, as in previous studies. The observed average MUCV values 125 

were within the physiological range 8,28–30.  Similar values of MUCV were obtained following stimulation of 126 
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single motor axons in the tibialis anterior muscle 9. In this previous study, MUCV was measured in a small 127 

sample of MUs (~11 MUs per subject, 3 subjects in total) and the range found was 2.6 to 5.3 m/s, with an 128 

average of 3.7 ± 0.7 m/s 9. The lower limit of MUCV agrees with the results of the present study but there 129 

is a difference of ~1 m/s for the upper limit of MUCV 9. This discrepancy is due to several differences among 130 

the studies. First, the number of subjects and identified MUs was substantially smaller in previous studies 131 

than in the present study 9. Second, during the stimulation of motor axons previously employed, it is not 132 

certain that the detected MUs were uniformly sampled from the full motor pool. Third, the discharge of MUs 133 

influences MUCV with respect to values at rest 31,32. 134 

There are only two other studies that have assessed MUCV during voluntary contractions for a range of RT 135 

8,10 and they report different relations between RT and MUCV. Masuda and De Luca observed a linear 136 

relation between MUCV and RT in the tibialis anterior muscle during isometric ramp contractions 8. 137 

However, the samples of MUs and subjects were very small (average of 6 MUs per subject, 3 subjects in 138 

total), and the strength of the associations was weak 8. Indeed, the relations could be assessed only when 139 

grouping all subjects together and not at the individual subject level 8. In the biceps brachii muscle, Hogrel 140 

reported an exponential relation between MUCV and RT in 3 subjects 10. In addition to the limited subject 141 

and/or MU samples in these previous studies, it is important to note that MUCV estimates were less 142 

accurate than those obtained in the present study due to different algorithms applied 27,28,33.  143 

The current estimates of MUCV are obtained with the most accurate MFCV estimation method available 144 

and indeed, when converted to MFD, the values for diameters are in precise accordance with those reported 145 

in muscle biopsies studies 11,34 (Fig. 4). However, muscle biopsies studies have also usually shown clusters 146 

of values for muscle fiber areas11, while we could not detect clearly distinct classes of fibers when estimating 147 

their conduction velocity (Fig. 2) or their diameters (Fig. 4-A,B). The explanation for this disagreement is 148 

likely that biopsies cannot assess the whole spectrum of muscle fibers due to the classification based on 149 

enzyme staining 17,18 and cannot relate MFD to RT. Conversely, our results indicate that when MFD were 150 

estimated for the full recruitment range of the corresponding MUs, their distribution was unimodal, despite 151 

fiber typing. This continuous distribution of muscle fiber diameters is presumably a determinant factor for 152 

both the metabolic activity of the muscle and for force control. 153 
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It has to be noted that the estimates of MUCV, and therefore of MFD, represent averages over the values 154 

for the muscle fibers in the muscle unit. The distribution of MFCV for the muscle fibers comprising a muscle 155 

unit depends on the distribution of fiber diameters in the muscle unit, which is unknown. However, cross-156 

innervation studies 35 and neurophysiological investigations 2,9,36 of motor unit properties support the 157 

assumption that muscle fibers in a MU have very similar diameters and properties. Therefore, the estimated 158 

MUCV well represent the conduction velocity of all the fibers of the muscle unit.  159 

Significance of a continuous distribution of MUCV and muscle fiber diameters 160 

Larger motor neurons begin to branch more proximally than smaller ones. Therefore, it has been 161 

hypothesized that larger motor neurons have a higher innervation number that produces higher maximal 162 

tensions 37. Accordingly, it was later shown that there is a direct relation between size and function: smaller 163 

MUs are recruited first, due to the higher input resistance of the motor neurons, and are composed of 164 

smaller muscle units that produce lower maximal tensions 1,3,36.  165 

This wide spectrum of relations led to the classification of MUs based on their physiological properties or 166 

on the myosin heavy chain isoforms composition 3,38. However, there are no direct causal relations between 167 

MU behavior (i.e., RT) and muscle fiber characteristics (i.e., MFD). From human studies during voluntary 168 

contractions, MU mechanical properties do not cluster into distinct groups but are distributed continuously 169 

within a MU pool 4,12–14. Similarly, muscle fibers have been shown to exhibit large co-expression of MHC 170 

isoforms 4,14,17,18,39. Accordingly, in the present study, we show that MUCV, and indirectly MFD, are not 171 

clustered into distinct groups but increase linearly with force, thus indicating a continuum of motor unit 172 

properties and sizes. A continuous distribution of properties is presumably needed for a smooth generation 173 

of force in the full recruitment range and for energy control. 174 

In most human muscles there is an inverse relation between MFD and enzyme oxidative capacity 34,40 due 175 

to the fact that a smaller diameter improves the surface-to-volume ratio for the perfusion of oxygen and 176 

exchange of metabolites 40. However, from a force control perspective, the interpretation is challenging due 177 

to the limitations of in-vitro studies that cannot relate single muscle fiber characteristics to motor neuron 178 

properties. The 100-fold difference in MU tetanic forces is primarily related to the MU innervation number 179 

41. Indeed, when the specific force (force/cross sectional area) of the MU is taken into account, there are 180 
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no significant differences between muscle units (i.e., slow vs fast fatigable) 41. However, the speed of 181 

release of calcium in the sarcoplasmic reticulum is related to the propagation speed of the action potential 182 

42, which is determined by fiber diameter 43,44. Indeed, CV is related to the time-to-peak of MU twitch forces 183 

9,42. Slow muscle fibers during slow movements shorten at a velocity that gives peak mechanical power and 184 

efficiency whilst the optimal shortening velocity for fast muscle fibers is when powering maximal movements 185 

45. Because of the slower force generation, small MUs tend to tetanize at significantly lower discharge rates 186 

40. The distribution of diameters according to recruitment may be an advantage for performing accurate, 187 

low-force motor tasks, since force variability at low forces is reduced when slower force twitches are elicited. 188 

EMG-force relation 189 

At the single muscle fiber level, the amplitude of the action potential increases as a function of fiber 190 

circumference 7. However, when recorded from surface electrodes, the amplitude of action potentials is 191 

also influenced by the volume conductor. For this reason, the size of simulated surface MU action 192 

potentials has been shown to be poorly associated to RT 46,47. Nonetheless, researchers have used 193 

surface action potential amplitudes to test the validity of the size principle 48,49 or to assess pathological 194 

adjustments in the neural drive to the muscle 50. In the present study, although the surface EMG 195 

amplitude increased with force, the amplitudes of MU action potentials did not show a strong association 196 

with RT, with a large variability among subjects (Fig. 3. C-D). Therefore, the amplitude of surface action 197 

potentials provides only a crude information on recruitment strategies and their adaptations to pathology 198 

and exercise 49,50. Moreover, the current results indicate that the orderly recruitment of MUs is not the 199 

main factor determining the EMG-force relation. The monotonous increase in EMG amplitude is not an 200 

evidence of orderly recruitment since it would be observed with any recruitment strategy because of rate 201 

coding. 202 

In conclusion, we applied a non-invasive approach that allows the investigation of motor neuron behaviors 203 

concurrently with the properties of the innervated muscle units. We showed that MUCV and MFD are 204 

continuously distributed and strongly positively associated to RT in the tibialis anterior muscle. The 205 

proposed approach will open new perspectives in physiologic investigations that relate in-vivo motor neuron 206 

properties with the respective muscle unit characteristics (CV, MFD) in large representative samples of 207 
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MUs (covering the full muscle recruitment range). Since the approach is applied to motor unit action 208 

potentials, however, it is not possible to differentiate differences in fiber properties within individual muscle 209 

units. Finally, the results also indicate that the size of surface MUAPs influences the EMG amplitude to 210 

muscle force relation only moderately.  211 

MATERIALS AND METHODS 212 

Participants 213 

Ten healthy, moderately active men (age 28.5 ± 1.8 yr; body mass 77.8 ± 6.7 kg; height: 180.2 ± 7.2 cm) 214 

volunteered and completed the experiment that was approved by the Ethical Committee of the 215 

Universitätmedizin Göttingen (n. 1/10/12). An informed written consent was signed by all the volunteers 216 

before participating in the experiments. None of the volunteers reported any previous history of 217 

neuromuscular disorders or lower limb pathology or surgery. 218 

Experimental protocol 219 

The volunteers performed three isometric maximal voluntary contractions (MVC). The greatest force was 220 

recorded and used as reference for the isometric submaximal contractions (Ramp contractions). Ramp 221 

contractions consisted of a trapezoidal paradigm with increasing and decreasing rate of 5% MVC/s-1 and 222 

sustained for 10 s at 15, 35, 50, and 70% MVC. The volunteers completed eight ramp contractions, two for 223 

each force level. The order of the ramps was randomized and a recovery time of 5 min between attempts 224 

was allowed. 225 

Force and electromyogram recordings 226 

Participants were seated in a Biodex System 3 chair in an upright position (Biodex Medical Systems Inc., 227 

Shirley, NY, USA), with the dominant leg extended and the ankle flexed at ~30° with respect to the neutral 228 

position. The ankle and the foot were tightly fastened by means of Velcro straps in a force transducer. High-229 

density surface electromyography (HDsEMG) signals were recorded from the tibialis anterior muscle by 230 

using one grid of 64 electrodes (5 columns, 13 rows; gold-coated; 1-mm diameter; 8-mm interelectrode 231 

distance; OT Bioelettronica, Torino, Italy; Fig 1B). Before placing the high-density grid, an array of 16 232 

electrodes was used to identify the distal innervation zone and a surgical pen marked its location. For proper 233 
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electrode placement, the array was moved over the muscle and oriented in order to observe the propagation 234 

of motor unit action potentials (MUAPs) from the innervation zone to the tendon region 28,51. The signal 235 

quality was assessed by visual inspection by an experienced operator. After this procedure, the skin was 236 

prepared by shaving, light abrasion and cleansing with 70% ethanol and the electrode grid was placed over 237 

the muscle with conductive paste for establishing the skin-electrode contact (SpesMedica, Battipaglia, 238 

Italy). The EMG grid was located in the distal portion of the tibialis anterior in order to detect the MUAPs 239 

arising from the most distal innervation zone and propagating to the distal tendon (Fig 1. C) 28. The columns 240 

of the grid were aligned longitudinally following the fiber direction. HDsEMG signals were recorded in 241 

monopolar derivation (3dB bandwidth 10-500 Hz; EMG-USB2+, multichannel amplifier, OT Bioelettronica, 242 

Torino, Italy) and converted to digital data on 12 bits and 2048 samples/s. The joint torque was recorded 243 

concurrently with the EMG with the same acquisition system. 244 

High density EMG decomposition and conduction velocity estimation 245 

HDsEMG signals were digitally band-pass filtered between 20-500 Hz (Butterworth). The signals were 246 

decomposed into series of MU discharges with a convolutive blind source separation method 24. This 247 

algorithm has been previously validated and guarantees high accuracy in the identification of MU discharge 248 

times, even at high contraction levels 24,52. The decomposition accuracy was estimated with the silhouette 249 

measure (SIL), with an acceptance threshold of 0.90 24. From EMG decomposition, the average discharge 250 

rate and the RT (force value in percentages of MVC corresponding to the first MU discharge) were 251 

computed for each MU. The decomposition algorithm directly identifies the discharge times of each motor 252 

unit but not the waveform of the corresponding multi-channel action potentials. The multichannel MUAPs 253 

were therefore estimated by averaging the surface EMG using the discharge times identified by 254 

decomposition as triggers, as shown for a representative example in Fig 1.C-D. This spike-triggered 255 

averaging was performed using only the first 50 discharge timings for each MU. The averaged interval 256 

(duration of the MUAPs) was 15 ms 28. From the averaged monopolar MUAPs, double differential 257 

derivations were computed by differentiating in the longitudinal direction and were used for the estimation 258 

of MUCV 28, and MUAP amplitude (Root mean square, RMSMU). For the estimation of these MUAP 259 

properties, we visually selected a minimum of 4 and a maximum of 6 double differential EMG derivations. 260 
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An example of two MUs with action potentials propagating along the electrode grid is shown in Fig. 1. In 261 

this example, the action potentials of individual motor units are similar in shape along the electrode grid and 262 

are delayed because of propagation along the muscle fibers. The small variations in shape of the action 263 

potentials along the grid are due to misalignment of the grid with respect to fiber direction and end-of-fiber 264 

components, as previously discussed 27. The selection criteria for channels were the clearest propagation 265 

of the MUAP along the columns of the grid and a coefficient of correlation between channels >0.8 28. From 266 

the selected channels, MUCV estimation was performed using the multichannel maximum-likelihood 267 

algorithm that allows a calculation of CV in single MUs with an estimate standard deviation <0.1 ms-1 27. 268 

Single MUCV values were then used to estimate the average diameter of the fibers of the muscle units 269 

using the equation MFD (µm) = (MUCV m/s -0.95) / 0.05 (equation 1), as previously described 6,16. MUCV 270 

and MFD were also computed separately for the groups of lower- and higher-threshold MUs, which were 271 

arbitrarily defined as the MUs with range of RT 0-30% MVC and 50-70% MVC, respectively.   272 

Finally, we analyzed the interference surface EMG signal by computing the root mean square value 273 

(RMSEMG) from the full duration of the recordings. 274 

Statistics  275 

Single MU properties (MUCV, RMSMU) were studied as a function of RT. The global interference HDsEMG 276 

signal amplitude (RMSEMG) was correlated with force (as % MVC). A Pearson product-moment correlation 277 

coefficient was computed to assess the association between MUCV or RMSMU, and RT. The frequency 278 

distribution of fiber diameters was composed of 12 bins with a ~6µm width. Statistical analyses were 279 

performed using SPSS version 21 (SPSS Inc, Chicago, USA) and statistical significance was accepted for 280 

P values less than 0.05. Results are reported as mean and standard deviation (SD). 281 

 282 

 283 

 284 

 285 
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Figure captions 431 

 432 

Fig. 1. A. Example of eight double differential surface EMG signals detected during an isometric contraction 433 

at 50% maximal voluntary force of the tibialis anterior muscle (interelectrode distance 8 mm). Clear 434 

propagation of several motor unit action potentials (MUAPs) along one column of the matrix can be 435 

observed. B. Grid of 64 electrodes used for the experiment. C. and D. Two MUAPs (low and high threshold), 436 

extracted by spike triggered averaging after EMG decomposition, showing propagation of single MUAPs 437 

along the grid. The innervation zone of the lower threshold motor unit is located at the top of the grid. The 438 

MUAPs propagate from the innervation zone (proximal) to the distal tendon region. * RT = Recruitment 439 

threshold (% of maximal voluntary force), CV = Conduction velocity. 440 

 441 

Fig. 2. A. Motor unit conduction velocities (MUCV) from all the subjects versus the respective recruitment 442 

thresholds (% of maximal voluntary force). R2 for the linear regression is reported as mean (SD) across 443 

subjects. Data are reported for all motor units (n= 406), with different symbols for each subject. Subject-444 

specific values are reported in Table 1. 445 

 446 

Fig. 3. A. Root mean square of the EMG (RMSEMG) for each subject as a function of force in percentages 447 

of maximal voluntary force. B. Motor unit amplitudes (RMSMU) versus the respective recruitment threshold 448 

(% of maximal voluntary force). Data from all the motor units (n= 406). The linear regression is reported as 449 

mean (SD) across subjects.  Subject-specific values are reported in Table 1. 450 

 451 

Fig. 4. A-B. Motor unit conduction velocities converted in muscle fiber diameters (MFD). Data from all the 452 

subjects (number motor units = 406) are shown. A. Relation between MFD in motor units (µm) and 453 

recruitment threshold (% of maximal voluntary force). Correlation coefficient (R2) and regression line for the 454 

full sample are shown. * = p < 0.001 B. Histogram of MFD (µm) grouped in bins of ~6 µm along the abscissa 455 

and the number of motor units on the ordinate. 456 
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 Table 1. Subject specific R2 values  

    

  SUBJECT RMSEMG             RMSMU            MUCV           

 0.91‡ 0.11 0.73‡ 
 0.94‡ 0.18* 0.76‡ 
 0.83‡ 0.45‡ 0.50‡ 
 0.85‡ 0.06 0.76‡ 
 0.90‡ 0.66* 0.68‡ 
 0.89‡ 0.007 0.60‡ 
 0.89‡ 0.08 0.77‡ 
 0.91‡ 0.40‡ 0.85‡ 
 0.89‡ 0.60‡ 0.66‡ 
 0.82‡ 0.41‡ 0.75‡ 

 
Global EMG amplitude was correlated with force. Motor unit variables  
were correlated with recruitment threshold. ‡ = p<0.001; * = p<0.05 
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