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Key points

� We propose and validate a method for accurately identifying the activity of populations of
motor neurons during contractions at maximal rate of force development in humans.

� The behaviour of the motor neuron pool during rapid voluntary contractions in humans is
presented.

� We show with this approach that the motor neuron recruitment speed and maximal motor
unit discharge rate largely explains the individual ability in generating rapid force contractions.

� The results also indicate that the synaptic inputs received by the motor neurons before force is
generated dictate human potential to generate force rapidly.

� This is the first characterization of the discharge behaviour of a representative sample of human
motor neurons during rapid contractions.

Abstract During rapid contractions, motor neurons are recruited in a short burst and begin to
discharge at high frequencies (up to >200 Hz). In the present study, we investigated the behaviour
of relatively large populations of motor neurons during rapid (explosive) contractions in humans,
applying a new approach to accurately identify motor neuron activity simultaneous to measuring
the rate of force development. The activity of spinal motor neurons was assessed by high-density
electromyographic decomposition from the tibialis anterior muscle of 20 men during isometric
explosive contractions. The speed of motor neuron recruitment and the instantaneous motor
unit discharge rate were analysed as a function of the impulse (the time–force integral) and the
maximal rate of force development. The peak of motor unit discharge rate occurred before force
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generation and discharge rates decreased thereafter. The maximal motor unit discharge rate was
associated with the explosive force variables, at the whole population level (r2 = 0.71 ± 0.12;
P < 0.001). Moreover, the peak motor unit discharge and maximal rate of force variables were
correlated with an estimate of the supraspinal drive, which was measured as the speed of motor
unit recruitment before the generation of afferent feedback (P < 0.05). We show for the first time
the full association between the effective neural drive to the muscle and human maximal rate of
force development. The results obtained in the present study indicate that the variability in the
maximal contractile explosive force of the human tibialis anterior muscle is determined by the
neural activation preceding force generation.
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Introduction

When the central nervous system requires maximal speed
and force, motor neurons discharge at frequencies that are
significantly greater compared to sustained contractions
(up to 200 Hz vs.10–40 Hz) (Desmedt & Godaux, 1977a;
Freund, 1983). Voluntary force contractions at maximal
rate of force development indeed provide access to the
maximal in vivo motor neuron discharge rate in humans
(Desmedt & Godaux, 1978; Duchateau & Baudry, 2014).
In these contractions, the neural drive to the muscle during
the initial phase of the motor task (i.e. during the neuro-
mechanical delay) represents the effect of cortical input
to motor neurons without the afferent feedback generated
by the contracting muscle. During these rapid (explosive)
contractions, the ordered recruitment is maintained but
most motor units are recruited before the rise in force
(Tanji & Kato, 1973; Büdingen & Freund, 1976; Desmedt
& Godaux, 1977b; Van Cutsem et al. 1998). It is known that
recruitment and an increase in discharge rate determines
the rate of change in force (Desmedt & Godaux, 1977b;
Freund, 1983; Enoka & Duchateau, 2017). However, it
is not known whether the extensive variability among
individuals (Folland et al. 2014) in the maximal rate of
force development is determined by motor unit properties.
This raises the question: are human movements as fast as
the driving motor neurons?

It has been recently speculated that the maximal
motor neuron discharge rate may determine the rate of
force development (Duchateau & Baudry, 2014). When
electrically stimulating muscles, the contractile rate of
force development of a muscle indeed depends on the
stimulation frequency in the rat (de Haan, 1998) and
human muscle (Deutekom et al. 2000). Moreover, after
3 months of fast ballistic training, the increase in rate of
force development is paralleled by an increase in motor
unit discharge rate in humans (Van Cutsem et al. 1998).
Further, ageing decreases the discharge rate of motor
neurons and, concurrently, the rate of force development
(Klass et al. 2008). Simulation studies appear to support
an association between motor neuron discharge rates

and rapid force production, although there are no direct
experimental observations for this association (Fuglevand
et al. 1993; Harwood & Rice, 2012). Moreover, the
variability of motor neuron behaviour across individuals
during maximal rate of force development is unknown.

Because of technical challenges in tracking motor unit
action potentials during the maximally rising phase of
contraction, the neural drive to the muscle during contra-
ctions at maximal rate of force development has been
characterized only for the initial phase of the contra-
ctions (first four motor unit action potentials, �40–60 ms)
(Desmedt & Godaux, 1977b; Van Cutsem et al. 1998;
Van Cutsem & Duchateau, 2005) or in in vitro studies
when injecting current in the motor neurons (Granit et al.
1963; Sawczuk et al. 1995; Miles et al. 2005). The time
course of the discharge rate of motor neurons during
explosive contractions is unknown. Moreover, the number
of motor units identified per subject in previous studies
was very small (n = 1 or 2) and not representative of the
effective neural drive to the muscle. In the present study, we
estimated the neural drive to the muscle during explosive
contractions by identifying the concurrent activity of a
relatively large number of motor neurons (>10 per sub-
ject). The aim was to assess the association between the
behaviour of motor neurons and the capacity for rapid
force production. We hypothesized that the speed of
recruitment and the maximal generated discharge activity
of the motor neuron pool would determine the human
maximal rate of force development.

Methods

Participants and recruitment

Twenty healthy, recreationally active men (age
24.9 ± 3 years, weight 75.4 ± 8.6 kg, height 180 ± 10 cm,
2636 ± 1298 metabolic equivalent min week–1)
volunteered to participate in the present study, which was
approved by the Ethical Committee of the University of
Rome ‘Foro Italico’ (approval no. 44680) and conformed

C© 2019 The Authors. The Journal of Physiology C© 2019 The Physiological Society



J Physiol 00.0 You are as fast as your motor neurons 3

with the standards set by the Declaration of Helsinki. The
volunteers were free from any neuromuscular disorder,
lower limb pathology or surgery, and were not involved in
any form of regular physical training. Written informed
consent was signed by the volunteers.

Overview of the study

The volunteers visited the laboratory on two occasions,
7 days apart. Before the first visit, the recreational physical
activity habits of the participants were assessed using
the International Physical Activity Questionnaire (IPAQ,
short format). The first visit consisted of a familiarization
session including both maximal and explosive voluntary
contractions of the dominant leg (self-reported). The
contractions consisted of isometric ankle dorsiflexion
maximal voluntary contractions (MVC), isometric short
pulsatile contractions, and isometric explosive force
contractions. In the second visit, the participants repeated
the familiarization session but with recording of electro-
myographic (EMG) activity with high-density surface
electromyography (HDsEMG) of the tibialis anterior
muscle. Participants were asked to avoid any strenuous
exercise (48 h) and caffeine consumption (24 h) before
the testing sessions.

Experimental procedure

The warm-up consisted of eight isometric submaximal
dorsiflexions (4 × 50%, 3 × 70%, 1 × 90% of perceived
maximal voluntary force), each separated by 15 s, and
a series of short pulsatile contractions. During the short
pulsatile contractions, the volunteers were instructed to
contract as fast as possible up to a target force of 75%
of the maximal voluntary force (MVF) (defined below)
displayed on the screen, and to relax immediately after
the peak force was reached (Van Cutsem et al. 1998). The
short pulsatile contractions were used to familiarize the
participants with developing force as quickly as possible,
and to confirm that the RFD measured during the
explosive contractions used for decomposition analysis
was maximal. After the warm-up, the subjects performed
isometric MVCs and isometric maximal explosive contra-
ctions. During the MVCs, the participants received strong
verbal encouragement and were instructed to ‘push as
hard as possible’ for 3–5 s, with �30 s rest in between, for
a total of three repetitions. Visual feedback of the exerted
force in each contraction and that of the maximal pre-
vious contractions was provided. The greatest dorsiflexor
MVF corresponding to the highest instantaneous force
during the MVCs was digitally recorded. After 4 min from
the completion of the MVCs, the volunteers performed
12 isometric explosive dorsiflexions that were divided
into two blocks of six repetitions each. Each contraction
was separated by a resting period of 20 s and a 2 min

rest was provided after each block. The volunteers were
instructed to dorsiflex their ankle ‘as fast and as hard
as possible’ and to exceed a visual target cursor on the
monitor, fixed at a threshold of 75% of their MVF, and
then to hold the force for 3 s at the same level reached
during the explosive contraction. Explosive contractions
were performed as a maximum explosive force production
followed by an hold phase to increase the contraction
duration, as required by the decomposition algorithm for
identifying a sufficient number of independent sources
(motor unit action potentials) from the electromyogram
(Holobar et al. 2014; Negro et al. 2016). Moreover, the
inclusion of a hold phase following the explosive effort
allowed validation of the decomposition approach during
the rapid part of the contraction (see ‘High-density EMG
analysis’). The beginning of each explosive contraction
was indicated by an auditory cue. The participants were
instructed to avoid any counter-movement or pre-tension,
and a feedback was given when an error was detected.
Offline analysis confirmed large agreement in the maximal
rate of force development obtained during the short
pulsatile contractions and the explosive contractions.

Force signal recording

A stiff custom-built ankle ergometer was used both
in the familiarization and in the main experiment
(OT Bioelettronica, Turin, Italy) and guaranteed a high
stiffness during the explosive contractions. Participants
were comfortably seated with the hip flexed at �120°
(180°= anatomical position) on a massage table with the
dominant knee extended at �180° (180° = anatomical
position) and the ankle at �100° (90° = anatomical
position) of plantar flexion. The foot rested on an
adjustable footplate and along with the ankle was tightly
harnessed by Velcro straps. The foot strap (�3 cm wide)
was positioned over the distal portion of metatarsals, with
the ankle strap (�3 cm wide) fastened on the foot dorsum,
perpendicular to the tibia. The foot strap was arranged in
series with a calibrated load cell (CCT Transducer s.a.s,
Turin Italy), which was positioned perpendicular to the
plantar surface of the foot. The analogue force signal
from the load cell was amplified (200×) and sampled
at 2048 Hz via an external analogue-to-digital converter
(EMG-Quattrocento; OT Bioelettronica, Turin, Italy). The
force signal was recorded with the software OTbiolab (OT
Bioelettronica) and visual feedback was provided with
Labview, version 8.0 (National Instruments, Austin, TX,
USA).

HDsEMG recordings

HDsEMG signals were recorded from the tibialis anterior
muscle with one semi-disposal adhesive grid of 64 equally
spaced electrodes (13 rows × 5 columns; gold-coated;
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diameter 1 mm; inter electrode distance 8 mm; OT
Bioelettronica). Following skin preparation (shaving,
gentle skin abrasion and cleansing with 70% ethyl alcohol),
the optimal position and orientation of the matrix were
determined. For this purpose, an experienced operator
identified the tibialis muscle belly through palpation and
marked the perimeter of the muscle with a surgical pen.
Then, the adhesive grid was placed over the muscle
using bi-adhesive perforated foam layers (SpesMedica,
Battipaglia, Italy). A conductive paste was inserted in
the bi-adhesive layer to guarantee good skin–electrode
contact (SpesMedica). The grid covered most of the
tibialis anterior proximal area. The ground electrode was
placed on the styloid process of the ulna of the arm,
and two reference electrodes were positioned on the
tuberositas tibialis and on the medial malleolus of the
dominant leg. The HDsEMG signals were detected in
monopolar mode with a sampling frequency of 2048 Hz,
amplified (150×) and band-pass filtered (10–500 Hz).
The analogue signals were converted to digital data
using a multichannel amplifier with 16 bit resolution
(3 dB bandwidth, 10–500 Hz; EMG-Quattrocento; OT
Bioelettronica). The electromyogram and force signal were
synchronized by the same acquisition system.

High-density EMG analysis

During offline analysis, the monopolar HDsEMG signals
were band pass filtered at 20–500 Hz (Butterworth). The
EMG signals were decomposed in individual motor unit
action potentials (MUAPs) by convolutive blind source
separation (Holobar & Zazula, 2007). This method and
similar approaches have been validated previously for a
broad range of forces of the tibialis anterior muscle and
guarantees high accuracy in the identification of motor
unit spike trains (Holobar et al. 2014; Negro et al. 2016; Del
Vecchio et al. 2017; 2018c). The decomposition accuracy
was assessed using the pulse-to-noise ratio (Holobar et al.
2014). All motor units were manually analysed by an
experienced investigator and only MUAPs with a reliable
discharge pattern were considered for the analysis. Motor
units showing pulse-to-noise ratios<30 dB were discarded
from the analysis (Holobar et al. 2014).

The decomposition accuracy during the explosive
contractions was further assessed with additional analyses,
needed to prove the accuracy during these explosive
contractions. In one single decomposition, we first
decomposed the three explosive contractions with the
highest force reached at 150 ms from contraction onset
out of the 12 contractions performed by each subject.
This criterion facilitated systematic selection of contra-
ctions with both high rate of force development and
large time–force integral because the plateau of the force
time-curve occurs before 200 ms from force onset and

thus well approximates the peak of the derivative and
the time–force area. Successively, we identified motor
units active across these three explosive contractions.
In a separate decomposition, we processed one of the
same three contractions, chosen randomly. From this
decomposition, the MUAP waveforms identified by blind
source separation were used as spatial filters to identify the
discharge patterns of the same waveforms in the other two
contractions, which were not decomposed. By comparing
the extracted motor units when decomposing the three
contractions together and separately, we tested the
reliability of the decomposition algorithm to identify the
same motor units across the three contractions. All motor
units with a 95% match of the series of discharge timings
were considered reliably identified. Furthermore, because
during the explosive contractions the initial discharge
rates of the motor units are very high (up to 200 Hz)
(Fig. 1C) (Desmedt and Godaux, 1977b; Van Cutsem
et al. 1998), we assessed the similarity (by cross-correlation
analysis) of the action potential waveform shapes during
the initial phase of the contraction (the first 20 motor
unit discharges) compared to those extracted during the
steady-state (using the last 50 motor unit discharges
of the contraction). Since the decomposition accuracy
during static contractions has been confirmed previously
(Holobar et al. 2014), the comparison with the transient
rapid force rise provided another indirect validation of the
technique during explosive contractions. For this purpose,
we computed the two dimensional cross-correlation
between the decomposed MUAPs in the two phases of the
contractions (Farina et al. 2002; Del Vecchio et al. 2017;
Martinez-Valdes et al. 2018).

From all the identified motor units, the maximal
instantaneous discharge rate (DRMAX, pulses per second,
pps), recruitment threshold in %MVF, and the cumulative
spike trains (Del Vecchio et al. 2018d) were calculated. The
time span of recruitment was defined as the time interval
containing the first discharges of all identified motor units.
Finally, the speed of recruitment was defined as the inverse
of the time span of recruitment, which corresponded to the
average number of identified units that were recruited per
second. It is important to note that the above definitions
for characterizing recruitment are related to the sample of
identified motor units and not to all recruited units.

The cumulative spike train was obtained by summing
the discharge timings of the identified motor units. The
cumulative spike train was analysed in time intervals of
35 ms in duration. This interval duration was chosen
because it approximately corresponded to the neuro-
mechanical delay (see Results) and thus it allowed the
analysis of the neural drive before force generation.
The 35 ms analysis window was shifted over time with
increments of 1 ms in a total range of 250 ms from the onset
of motor unit activity. The analysis was limited to 250 ms
because most of the changes in rate of force development
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during isometric explosive contractions occur before
�150 ms following force onset (Del Vecchio et al. 2018b).
In each 35 ms interval, the total number of discharges in
the cumulative spike train was divided by the number of
active motor units and by the window duration (35 ms),
providing the average number of discharges per motor
unit per second (DRMEAN). This measure is an estimate of
the strength of the neural drive to the muscle (Del Vecchio
et al. 2018d). Figure 1 shows an example of this analysis
that extracted the instantaneous and average number of
discharges per motor unit per second (as explained above)
obtained during an explosive contraction.

To globally characterize the EMG signal amplitude, the
root mean square value was computed from one bipolar
recording derived from the HDsEMG signals. Specifically,
two sets of five neighbouring monopolar signals within
the central portion of the HDsEMG (columns 2–4 and
rows 4–7 of the bidimensional array) were averaged and
differentiated in order to obtain a bipolar EMG derivation
with an equivalent interelectrode distance of 1.6 cm (Del
Vecchio et al. 2017, 2018a). From this signal, the root mean
square value was estimated in the same time intervals used
for assessing the motor unit properties. Finally, the root
mean square value was also normalized to the maximal

value obtained at maximal voluntary force (i.e. a 100 ms
time period centred at MVF during MVC).

Force signal analysis

During offline analysis, the force signal was converted
to newtons (N) and the offset of force was gravity
corrected. The contractions that showed pre-tension or
counter-movement (baseline force �0.5 N in 150 ms
prior to force onset) were excluded. The force signal
was filtered with a zero-lag low-pass filter with cut-off
frequency 400 Hz. This large bandwidth guarantees high
accuracy when visually determining the onset of force
(Tillin et al. 2013). The onset of force was visually
identified by an experienced investigator with a validated
methodology, as described previously (Tillin et al. 2010).
After identifying the force onset, the signal was low-pass
filtered at 20 Hz with a zero-lag third-order Butterworth
filter. This type of filter eliminates the high-frequency
noise and guarantees an undistorted force output in
comparison to the original signal (Del Vecchio et al.
2018b). Out of the explosive contractions performed by
each subject and without initial tension, only the three
contractions with the highest force at 150 ms from force

Figure 1. The neuromuscular system: spiking motor neurons and whole muscle force
A, representative example of the motor neuron discharge timings from the spinal cord with the resultant force
output. B, twenty-two motor units were identified during an explosive contraction normalized to maximal voluntary
force (MVF, in grey). C, discharge rate of the motor units shown in (A). The orange line corresponds to the average
number of discharges per motor unit per second (during a moving 35 ms time interval), which is an estimate of
the neural drive to the muscle.

C© 2019 The Authors. The Journal of Physiology C© 2019 The Physiological Society
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onset were selected for the full analysis, as described pre-
viously. For these three contractions, the force signal was
analysed in the 250 ms interval following force onset. For
each overlapping time interval from force onset, the first
derivative of force was then calculated [i.e. RFD 0(onset)
to ‘X’ ms, where ‘X’ varied in the range 1–250 ms]
to identify the maximal rate of force development
(RFD0-XMAX, N s–1). The RFD was also computed for
specific time periods from force onset to 60 (RFD0-60)
and to 100 (RFD0-100) ms because previous studies
suggested a stronger neural contribution during this phase
of contraction (�0–100 ms) (de Ruiter et al. 2007; Folland
et al. 2014) and also to investigate fixed/consistent time
periods for all participants. Moreover, the integral of
the force–time curve, namely the impulse (N∗s), was
calculated in the interval from force onset to 250 ms and
thus reflected the entire time history of the contraction.
Because the impulse is proportional to the change in
momentum (mass × change in velocity), it is directly
associated with the change in velocity and thus the
ankle dorsiflexion speed if the foot was not restrained by
the dynamometer (Aagaard et al. 2002). Beside absolute
explosive force variables (RFD, impulse), relative measures
reflect the ability of participants to explosively express
their available force capacity (MVF) quickly during the
rising phase of contraction (i.e. RFD/impulse normalized
to MVF) (Folland et al. 2014; Del Vecchio et al. 2018b).

Statistical analysis

The Shapiro–Wilk test showed a normal distribution of
all extracted variables. The Bonferroni correction was
used when testing multiple correlations. DRMAX and
DRMEAN (hereafter referred to as neural variables) were
analysed in relation to the absolute and normalized force
values (RFD0-XMAX, RFD0-60, RFD0-100 and Impulse).
The motor unit recruitment speed was studied as a
function of the neural drive estimates and explosive
force. The initial values and consecutive values of the
neural estimates were assessed as a function of the
force values with multiple correlations. The motor unit
recruitment thresholds were analysed as a function of
the average motor unit discharge rate and rate of force
development. The rate of force development during the
first 60 and 100 ms was then studied as a function of
the impulse. The strength of the neural drive to muscle,
estimated as the average number of discharges per unit
per second, was compared between the first 60 ms of
contraction and the steady force part of the contraction
with a paired t test. The waveforms of the motor
unit action potentials between and within contractions
were assessed by a two-dimensional cross-correlation
function (xcorr2, MATLAB 2017; MathWorks Inc., Natick,
MA, USA). The coefficient of variation (SD of the

population divided by the mean) was assessed for the
force and the motor unit discharge interpulse inter-
val. A Pearson product–moment correlation was used to
assess the strength of bivariate correlations. P < 0.05 was
considered statistically significant. Data are reported as the
mean ± SD.

Results

Force

Figure 1 shows the time–force curve for a representative
subject and Fig. 2 shows the explosive force variables for
each subject. Each colour in Fig. 2 represents an individual
subject. The maximal rate of force development had inter-
subject coefficient of variation of 30.0% and 19.2% for
the absolute and normalized RFD0-XMAX, respectively.
The impulse (0–250 ms) had a coefficient of variation
of 24.4% and 12.4% across subjects for the absolute and
normalized values, respectively. The maximal isometric
voluntary force ranged from 166.72 to 364.88 N across
subjects, with an average of 278.10 ± 58.34 N and a
coefficient of variation of 20.0%. The maximal voluntary
force was highly correlated with the RFDMAX and Impulse
(r2 = 0.62 ± 0.12; Pearson, P < 0.001).

The delay between the first detected motor unit action
potential and the onset of voluntary force (i.e. the neuro-
mechanical delay), was 42.4 ± 17 ms.

Motor unit analysis validation

Only motor units showing reliable discharge patterns with
a pulse-to-noise ratio greater than 30 dB (Holobar et al.
2014) were selected for the analysis. The total number
of decomposed motor units was 242, with 12.1 ± 5.7
per subject. Figure 1 shows the identified motor unit
discharge timings during a representative explosive force
contraction. The MUAP waveforms were cross-correlated
between and within contractions. The within-contraction
correlation represents the degree of similarity of MUAPs of
the first 20 discharges compared to the first 50 discharges
during the steady force phase (Fig. 3C). The average
two-dimensional coefficient of correlation across subjects
in this comparison was r = 84.3 ± 8.0%. The discharge
timings of a representative motor unit and the respective
MUAP waveforms are shown in Fig. 3A–C. When the
pool of identified motor units was cross-correlated across
the three explosive contractions (Fig. 3B–D), the average
coefficient of correlation (average over all subjects) was
88.4 ± 3.0%. The discharge pattern and estimated action
potential waveforms were highly similar when compared
across the three maximal explosive contractions (an
example is shown in Fig. 3D). The two-dimensional
correlation was also evaluated for randomly selected
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motor units between each contraction and the estimated
value was very low (30.7 ± 7.4%).

The above validation analyses indicate highly accurate
decomposition during the rapid phase of explosive
contractions.

Neural drive and force

Figures 1B–C and 3 show the discharge timings obtained
from the decomposition analysis during the isometric
explosive contractions for two representative subjects. The
average neural drive across all subjects is shown in Fig. 4.
The discharge patterns were similar for all the identified
motor units (Figs 1 and 3). The average recruitment
threshold across all subjects was 2.10 ± 2.46%MVF.
The classic onion-skin scheme (inverse dependency of
motor unit recruitment thresholds and firing rate) that
is usually observed during controlled isometric force
contractions at low forces (De Luca & Erim, 1994) was
not observed during the explosive contractions (Figs 1
and 2). Indeed, the average speed of recruitment of the
identified motor units was extremely high (6.48 ± 4.74 ms;
i.e. on average one motor unit was recruited every
6.48 ms), indicating full recruitment of the identified
motor units within 54.3 ± 30.8 ms. Because of the very
fast recruitment, the discharge rate across the contraction

for the first and last recruited motor units did not differ
(42.85 ± 10.19 vs. 41.55 ± 11.58 pps; paired t test,
P = 0.57). Consequently, the association between motor
unit recruitment thresholds and the DRMEAN (either
during the neuromechanical delay or averaged along the
contraction) was not significant (r2 = 0.09, P > 0.05).

The maximal motor unit discharge rate (DRMAX) from
amongst all the motor units from all the participants
ranged from 8.56 to 227.6 pps. The strength of the
neural drive to the muscle decreased over time (Fig. 4)
and was significantly greater during the initial phase
of the contraction compared to the plateau of the
explosive contraction (within the neuromechanical delay,
43.23 ± 8.69 vs. force plateau 33.40 ± 7.71; paired t test,
P < 0.001) (Fig. 3).

The maximal instantaneous discharge rate and the
strength of the neural drive in the first 35 ms of contraction
well explained the ability to generate explosive force. Both
the absolute and relative RFD0-XMAX and Impulse were
indeed highly correlated with DRMAX during this initial
35 ms interval (average across absolute and normalized
RFD values, r2 = 0.64 ± 0.13; Pearson, P < 0.0001)
(Fig. 5). Similarly, DRMEAN during this initial period
predicted both the absolute and normalized values of
RFD0-XMAX (average across absolute and normalized RFD
values r2 = 0.62 ± 0.09; Pearson, P < 0.001) (Fig. 5).

Figure 2. Explosive force estimates
Each colour corresponds to a specific subject. A, force-time curve in newtons (N). B, force-time integral. C,
normalized values to maximal voluntary force (%). D, force-time integral of the normalized values. E and F,
maximal rate of force development (RFD0-XMAX) to the highest gradient from onset to each point up the rising
curve in absolute and normalized (to MVF) terms. The peak of the maximal rate of force development was inversely
correlated with time. Correlation coefficients (r2) and P values are given. ∗∗P < 0.001

C© 2019 The Authors. The Journal of Physiology C© 2019 The Physiological Society
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Figure 3. Discharge timings from multiple tracked motor units during explosive contractions
A and B, three maximal explosive force contractions (grey lines). Each colour represents the same motor unit
tracked during these contractions. The motor unit pulse train were identified by blind source separation of the

C© 2019 The Authors. The Journal of Physiology C© 2019 The Physiological Society
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high-density surface electromyogram. C, discharge timings of the motor unit 1 in (A) (corresponding to the red
circle with white fill) were used as triggers for the extraction of the motor unit signature shown in (C). In this
example, the signatures were extracted by spike triggered averaging the first 20 discharges (in green). The action
potential waveform was then correlated to the signature extracted from the last 50 discharges (during the plateau,
in red) of the explosive contraction. D, signature of motor unit 5 (black circle with white fill) in (A) was correlated
across the three contractions. It can be noted the high degree of similarity between the motor unit action potential
within and between contractions.

The correlation with the RFD over fixed time periods
(60 and 100 ms) was also strongly correlated with the
maximal instantaneous discharge rate and the average
number of discharges per motor unit per second (average
across absolute and normalized RFD0-60/100 ms values,
r2 = 0.68 ± 0.05; P < 0.001).

Interestingly, none of the neural variables at time inter-
vals following the first 40 ms of motor neuron activity pre-
dicted the explosive force estimates (Pearson, P > 0.05).
This indicates that the explosive force was determined
exclusively by the initial burst of motor neuron activity,
occurring before force generation.

The speed of recruitment of the identified motor units
was significantly correlated to the normalized and absolute
Impulse and RFD0-XMAX (r2 = 0.40 ± 0.06; P < 0.05)
(Fig. 5E). This correlation indicates that subjects with
greater explosive force production recruited motor units
in shorter time intervals (faster recruitment). Moreover,
the speed of recruitment was significantly correlated to
DRMEAN and DRMAX (r2 = 0.54 ± 0.1; Pearson, P < 0.05)
(Fig. 5F), indicating that subjects with high discharge rates
also had a faster motor unit recruitment. For example,
the subject with the highest normalized rate of force

Figure 4. Average number of discharges per motor unit per
second
The average number of discharges per motor unit per second, which
is an estimate of the neural drive to the muscle (DRMEAN, pps) and
the explosive contractions (in percentages of maximal voluntary
force) when averaged across subjects. The dotted lines correspond to
the mean and the edges of the shaded plot indicate the SD. The
peak of the neural drive corresponding to the initial phase of the
explosive force contraction can be noted.

development (and discharge rate) had a time span of
recruitment as small as �3 ms that was approximately
five times shorter than for the subject with the smallest
RFD0-XMAX (�16 ms).

Absolute and normalized EMG amplitude (within the
same time intervals used for the neural drive) were
uncorrelated to RFD0-XMAX (average r2 = 0.38 ± 0.32;
Pearson, P > 0.05). Moreover, neither the absolute nor
normalized EMG were significantly correlated with any
of the explosive force measurements (r2 < 0.24; Pearson,
P > 0.05).

Discussion

We examined the behaviour of a relatively large population
of motor neurons during rapid (explosive) contractions.
We show for the first time that both the recruitment speed
and discharge rate of motor neurons dictate the variability
in human rate of force development. Moreover, the results
of the present study suggest that the maximal rate of force
development is associated with the cortical drive received
by the motor neurons before force and the associated
afferent feedback are generated.

Neural drive to muscle and maximal rate of force
development

The discharge rate of motor neurons was significantly
higher during the first 35 ms of activity than in the sub-
sequent time interval (Figs 1–3). Because the initial phase
of a feedforward task reflects only the efferent drive, the
discharge activity of the motor units represents a trans-
formation of the cortical input by the motor neurons. Most
motor neurons started discharging before the rise in force
(Figs 1 and 2). The activity of the upper motor neurons
determines the all-or-none response of the lower motor
neurons; thus, a faster recruitment of neurons within the
cerebral cortex may be the mechanism resulting in a more
compressed recruitment of spinal motor neurons for sub-
jects achieving higher rate of force developments.

The underlying determinants for the large range of
maximal motor neuron discharge rates across subjects
are unknown. Some subjects achieved frequencies in
single motor units greater than 160 pps, with one sub-
ject reaching frequencies of 200 pps and a force impulse
almost two-fold compared to subjects with motor neurons
discharging at <100 pps (Fig. 4). These differences may

C© 2019 The Authors. The Journal of Physiology C© 2019 The Physiological Society
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be determined by intrinsic characteristics of the motor
neuron and/or by corticospinal input strength.

The association between the average discharges per
motor unit per second and the recruitment speed of motor
neurons reveals the transmission of cortical input by the
motor neuron pool. When the central nervous system
requires maximal speed, it projects strong synaptic input
to the full pool of motor neurons, determining both
fast recruitment and high discharge rates. It has been
speculated that motor unit recruitment may not be a
determinant of maximal feedforward force (Duchateau
& Baudry, 2014). However, we observed that a greater
number of discharges per motor unit per second is
associated with a faster motor unit recruitment and thus
with a greater maximal rate of force development. It
might be argued that a more distributed common input
to motor neurons could contribute to an increase in
motor unit synchronization and rate of force development
(Semmler, 2002). However, the association between motor
unit synchronization and rate of force development may
not be strong (Farina & Negro, 2015).

The generated explosive force was determined by a
fast increase in synaptic input to motor neurons that
determined both a fast recruitment and high discharge
rates. The two mechanisms cannot be separated because

both depend on the input to the motor neuron pool.
This characteristic of motor neurons has been observed
also in in vitro studies when injecting high currents in
the motor neuron (Granit et al. 1963). The initial motor
neuron discharge rate is associated with the strength of
the injected current (Granit et al. 1963). The strength
of corticospinal inputs required for explosive force pre-
sumably determines the high initial discharge rate of the
motor neurons. The non-linear decrease in the discharge
rate observed in the present study matches well the spike
frequency adaptation observed in vitro in individual motor
neurons (Granit et al. 1963; Sawczuk et al. 1995), which
is associated with the inactivation of Na+ conductance
(Miles et al. 2005). Sawczuk et al. (1995) showed that the
spike frequency adaptation of rat motor neurons follows
a rapid decrease in discharge rate, followed by a linear
and exponential decline. Taken together, these results
suggest that the corticospinal input strength determines
the human variability in explosive force. Moreover, they
show a strong correspondence between the in vitro and in
vivo findings with the presently proposed technique.

Recently, motor unit recruitment speed was assessed
indirectly via muscle fibre conduction velocity
(Andreassen & Arendt-Nielsen, 1987; Del Vecchio
et al. 2017) during explosive contractions in a group of

Figure 5. Scatter plots showing the associations between explosive force estimates and motor unit
activity
A and B, normalized and absolute force–time integral (Impulse, from onset to 250 ms) in relation to the maximal
instantaneous discharge rate that was obtained in the first 35 ms of motor unit activity. Each colour represents
one subject. C and D, average number of discharges per motor unit per second during the first 35 ms of motor
unit activity (DRMEAN) in relation to the absolute and normalized maximal rate of force development (RFD0-XMAX).
The RFD0-XMAX represents the peak of the force derivative. E and F, maximal discharge rate of the motor neurons
in relation to the rate of force development from onset to 100 ms (RFD0-100). G, time force integral (Impulse,
N∗s) when plotted as a function of the motor unit recruitment speed (motor units s–1). H, association between
the maximal discharge rate of motor neurons (DRMAX) and motor unit recruitment speed (motor units s–1). The
motor unit recruitment speed corresponds to the average number of identified motor units per second. r2 values
for each relationship are shown. ∗∗∗P < 0.0001.
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controls and chronic strength trained individuals (Del
Vecchio et al. 2018b). Muscle fibre conduction velocity was
associated with maximal rate of force development in both
groups but only in the early rise of force (first 50 ms). This
evidence supports the direct association between motor
unit recruitment speed and rate of force development
reported in the present study and further highlights the
importance of compressing motor unit recruitment range
as fast as possible (Del Vecchio et al. 2018b).

The onion-skin phenomenon that is commonly
observed during slowly increasing ramp contractions (De
Luca & Erim, 1994) was not observed in the present study,
neither during the neuromechanical delay nor, more inter-
estingly, in the steady phase of the explosive task (Figs 1
and 2). This observation is related to the compressed
recruitment of motor neurons and to the high rate of
force development. It may be argued that the onion-skin
depends on the slow generation of force. The very short
interval of recruitment indicates the possibility that the
onion-skin during slow force contractions may be partly
determined by the afferent feedback to the motor neurons.

It is interesting to note that the relative and absolute
explosive force values were correlated with the neural
estimates assessed only during the first 35 ms from the
onset of the first detected motor unit action potential.
This indicates that it is the initial neural drive sent to the
muscles that influences the time course of the explosive
contraction. Thus, the neural and contractile factors that
have been found to influence explosive force production
(Folland et al. 2014) may be intrinsically linked. The
relationship between absolute explosive force and neural
drive may underlie an association between the neural
stimulus and adaptation of the muscle fibre contractile
properties. It has been commonly observed that the
neural activation indeed influences the adaptation of the
muscle fibres (Dubowitz, 1967; Del Vecchio et al. 2018c).
Although we did not measure fibre contractile properties
in the present study, the neural determinants of absolute
rate of force development may also be associated with
corresponding differences in fibre contractility induced
by neural activation.

In the present study, we have revealed the full
association between the maximal speed of recruitment
and discharge rate of motor neurons and explosive
contractions of the human tibialis anterior muscle.
Interestingly, the proposed technique showed high
validity in identifying the same unit across the different
phases of the rise in muscular force. The present result
show for the first time the strategies used by the central
nervous system to achieve the maximal rate of force
development. The proposed methodological approach
of HDsEMG decomposition can be used non-invasively
to test the maximal discharge rate of motor neurons,
therefore allowing an investigation of the chronic and
acute changes of neural and muscular function. The

results from the present study indicate that the cortical
inputs received by the motor neurons before force is
generated dictate our potential to generate force rapidly.

References

Aagaard P, Simonsen EB, Andersen JL, Magnusson P &
Dyhre-Poulsen P (2002). Increased rate of force
development and neural drive of human skeletal muscle
following resistance training. J Appl Physiol 93, 1318–1326.

Andreassen S & Arendt-Nielsen L (1987). Muscle fibre
conduction velocity in motor units of the human anterior
tibial muscle: a new size principle parameter. J Physiol 391,
561–571.
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