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Fluctuations in isometric muscle force can be described
by one linear projection of low-frequency components
of motor unit discharge rates
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The aim of the study was to investigate the relation between linear transformations of motor unit
discharge rates and muscle force. Intramuscular (wire electrodes) and high-density surface EMG
(13 × 5 electrode grid) were recorded from the abductor digiti minimi muscle of eight healthy
men during 60 s contractions at 5%, 7.5% and 10% of the maximal force. Spike trains of a total
of 222 motor units were identified from the EMG recordings with decomposition algorithms.
Principal component analysis of the smoothed motor unit discharge rates indicated that one
component (first common component, FCC) described 44.2 ± 7.5% of the total variability of the
smoothed discharge rates when computed over the entire contraction interval and 64.3 ± 10.2%
of the variability when computed over 5 s intervals. When the FCC was computed from four
or more motor units per contraction, it correlated with the force produced by the muscle
(62.7 ± 10.1%) by a greater degree (P < 0.001) than the smoothed discharge rates of individual
motor units (41.4 ± 7.8%). The correlation between FCC and the force signal increased up to
71.8 ± 13.1% when the duration and the shape of the smoothing window for discharge rates
were similar to the average motor unit twitch force. Moreover, the coefficients of variation
(CoV) for the force and for the FCC signal were correlated in all subjects (R2 range = 0.14–0.56;
P < 0.05) whereas the CoV for force was correlated to the interspike interval variability in only
one subject (R2 = 0.12; P < 0.05). Similar results were further obtained from measures on the
tibialis anterior muscle of an additional eight subjects during contractions at forces up to 20%
of the maximal force (e.g. FCC explained 59.8 ± 11.0% of variability of the smoothed discharge
rates). In conclusion, one signal captures most of the underlying variability of the low-frequency
components of motor unit discharge rates and explains large part of the fluctuations in the motor
output during isometric contractions.
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Introduction

The central nervous system controls the force generated by
a muscle through a size-governed recruitment (Henneman
et al. 1965) and modulation of the discharge rate of the
motor neuron pool (Person & Kudina 1972; Milner-Brown
et al. 1973). The motor neuron is the controller of a
transducer (the motor unit) that converts synaptic input
into contraction force (Heckman & Enoka, 2004). Only
the low-frequency components of the neural drive are

reflected in the motor output of this transducer (Mannard
& Stein, 1973). Thus, the low-frequency component of the
neural drive to the muscle constitutes the effective control
signal.

Descending and sensory inputs have several divergent
projections to α-motor neurons (Ishizuka et al. 1979;
Lawrence et al. 1985). These common inputs induce
a correlation between the low-frequency oscillations in
discharge rates of motor neurons, which has been termed
common drive (De Luca et al. 1982). The presence of
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common low-frequency components in the discharge rates
of motor units has been observed in sustained contractions
of muscles of the lower and upper limbs (De Luca & Erim,
2002; De Luca et al. 2009).

The common modulation of motor unit discharge rates
can be quantified by the peak value of the cross-correlation
function between the smoothed discharge rates of pairs of
motor units (De Luca et al. 1982). This analysis does not
assess the overall level of common low-frequency activity
of the motor neuron pool, but it is limited to pairs of
motor units serially analysed. The approach is justified
by the relatively small number of motor units that can
be usually detected in vivo during voluntary contractions.
Since only low-frequency components of the neural drive
to the muscle are reflected in the motor output and the
modulation of discharge rate of the motor neuron pool
is mainly controlled by a largely spread synaptic input
(Ralston et al. 1984, Lemon & Mantel, 1989), in this study,
it is hypothesized that the effective drive to the muscle
can be described by a low-dimensional signal, extracted
from the correlated activity of the population of active
motor units. This signal should be sufficient to explain the
majority of the variability in the generated force.

In this study we investigated in vivo the discharge
rates of human motor units by principal component
analysis (PCA) (Joliffe & Morgan, 1992). The principal
components of a set of signals are uncorrelated with
respect to each other, and their power expresses the
percentage of variance that each component contributes to
that set of signals. Thus, when applied to smoothed motor
unit discharge rates, this analysis allows the investigation
of the dimensionality of the control for a population of
motor units. Moreover, since the principal components of
a multivariate measure reflect common variability of the
given set of signals, it is expected that they are optimally
representative of the motor output that is likely to be
mostly affected by the common components.

Therefore, the aim of the study was to identify a
common signal component by linear transformation of
the low-frequency oscillations of motor unit discharge
rates and to investigate its relation with the force
fluctuations expressed by the muscle. The analyses were
performed on a small hand muscle, the abductor digiti
minimi, and on a larger muscle of the leg, the tibialis
anterior muscle. The results are reported in detail for the
abductor digiti minimi muscle, whereas only the main
findings are reported for the tibialis anterior muscle.
Preliminary results have been presented in abstract form
(Negro & Farina, 2008; Holobar et al. 2009b).

Methods

The experiments were performed on two groups of
eight healthy men on the abductor digiti minimi

(mean ± S.D., age: 27.0 ± 3.5 years; range, 22–32 years)
and the tibialis anterior muscle (mean ± S.D., age:
25.3 ± 1.8 years; range, 23–28 years). The experiments
were conducted in accordance with the Declaration of
Helsinki and approved by the ethics committee of Region
Nordjylland, Denmark (approval number N-20090019).
All participants signed a written informed consent form
before inclusion. The experimental procedures were the
same for the two muscles, unless otherwise indicated.

EMG recordings

Single motor unit action potentials were recorded
with intramuscular and surface EMG (Fig. 1B and C).
Intramuscular EMG was measured using Teflon-coated
stainless steel wires (diameter 0.1 mm; A-M Systems,
Carlsborg, WA, USA) inserted with 25-gauge hypodermic
needles. To identify a relatively large number of motor
units per contraction, two pairs of wires were placed
approximately 1 cm apart in the transverse direction in the
proximal portion of each of the muscles investigated. The
needles were inserted and removed after insertion, leaving
the wires inside the muscle. Each wire was cut to expose the
cross section of the tip without insulation. The two bipolar
intramuscular EMG signals were amplified (Counter-
point EMG, Dantec Medical, Skovlunde, Denmark),
band-pass filtered (500 Hz to 5 kHz), and sampled at
10 kHz (Fig. 1B). The position of the wires was slightly
adjusted before starting the recordings and when the signal
quality was poor, which occurred rarely, a new pair of wires
was inserted.

Surface EMG signals were recorded with 13 × 5
electrode grids (Aalborg University, Denmark, and
Politecnico di Torino, Italy) with 2.5 mm and 5 mm of
interelectrode spacing for the abductor digiti minimi
and tibialis anterior muscle, respectively. The grids
were located over the distal portion of each muscle.
Before the placement of the grid, the skin was lightly
abraded using abrasive paste (Meditec–Every, Parma,
Italy) and cleansed afterward. The surface EMG signals
were amplified as bipolar recordings along the direction
of the fibres (LISiN-OT Bioelettronica, Torino, Italy),
band-pass filtered (3 dB bandwidth, 10–500 Hz), and
sampled at 2048 Hz by 12-bit A/D converter.

Procedures

For the measures on the abductor digiti minimi, the
subject was seated on an adjustable chair with the right
arm extended in a force brace (Aalborg University).
The fifth finger was fixed in the isometric device for
measurement of finger-abduction forces. The forearm and
the four digits were secured with Velcro straps. The force
produced by the fifth finger was measured using two force
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transducers (Interface Inc., Scottsdale, AZ, USA), one in
the transverse plane (abduction force) and the other in the
sagittal plane (flexion force) (Fig. 1A). For the measures on
the tibialis anterior, the subjects were seated on a chair with
the foot fixed in an isometric brace for the measure of ankle
dorsiflexion torque (Aalborg University). The force signal
was sampled at 10 kHz and stored on a computer. Visual
feedback on the finger abduction or ankle dorsiflexion
force was provided on an oscilloscope.

The subjects performed three maximal voluntary
contractions (MVCs) of the target muscle with a rest of
2 min in between. The maximum force achieved during
the maximal contractions was considered as the reference
MVC. Five minutes after the MVCs, the subject performed
three contractions of 60 s duration at 5%, 7.5% and 10%
MVC (abductor digiti minimi) or 10%, 15% and 20%
MVC (tibialis anterior), in random order. The levels for
force were chosen in order to be confident of the accuracy
of decomposition, as investigated in preliminary tests. The
EMG signal complexity was greater for the abductor digiti
minimi than the tibialis anterior for similar force levels,
and thus the maximum force level investigated could be
slightly higher for the tibialis anterior muscle. However,
one of the investigated force levels (10% MVC) was chosen
in common for the two muscles for direct comparison of

the results. Prior to each sustained contraction, the subject
performed two contractions in which the force increased
linearly from 0% to the target force of the subsequent
sustained contraction in 10 s (ramp contractions). The two
ramp contractions were separated by 30 s of rest and the
subject further rested for 2 min between the second ramp
contraction and the subsequent sustained contraction and
for 5 min after each sustained contraction. The subject had
feedback on force during all contractions. During each
contraction of the abductor digiti mimini, the flexion force
was monitored and contractions during which this force
was not negligible were repeated.

EMG signal decomposition

The action potentials of individual motor units were
identified from the intramuscular EMG signals recorded
from the two locations in the muscle by the use of a
decomposition algorithm (McGill et al. 2005). Each motor
unit spike train was manually edited by an experienced
operator and any unusually long (>250 ms) or short
(<20 ms) inter-spike intervals (ISIs) were manually
inspected to check for potential discrimination errors.
The surface EMG was decomposed with the convolution
kernel compensation (CKC) technique (Holobar & Zazula,

Figure 1. Experimental set-up and representative recordings for the abductor digiti minimi muscle
A, force measurement from the abductor digiti minimi muscle. B, intramuscular EMG recorded from two locations
in the abductor digiti minimi. C, surface EMG recorded with 64 electrodes resulting in 59 bipolar derivations. D,
intramuscular action potentials of a motor unit identified from one of the intramuscular EMG signals. E, surface
action potentials of the same motor unit shown in D. F, comparison between the spike trains identified from
intramuscular EMG (iEMG) and surface EMG (sEMG) decomposition for the motor unit shown in D and E (the
diamond indicates the disagreement between the two decomposition techniques). The contraction force was 10%
MVC.
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2004; Holobar et al. 2009a) and manually verified by an
experienced operator.

Because the analysis of common components in motor
unit discharge rates is sensitive to errors in the estimation
of the spike trains and requires a relatively large motor
unit sample, an analysis of decomposition accuracy was
performed for each motor unit which was detected
concurrently by at least two recording systems (Fig. 1D
and F). The discharge times detected from two signals
were compared using a time tolerance of ±0.5 ms. The
number of discharge times identified by two systems
within the set tolerance, as a percentage of the total
number of discharge times, was considered an indication
of the number of correctly detected action potentials
(Mambrito & De Luca, 1984). Concurrent erroneous
identification of two discharges by two independent
recording and decomposition techniques is indeed very
unlikely (Mambrito & De Luca, 1984). This provided a
lower limit to the accuracy of the decomposition methods
in the present experimental conditions.

Signal and data analysis

The envelope of the surface EMG signal was computed
from the channel in the central location of the grid
by filtering the rectified EMG with a Hann window of
duration 400 ms.

The recruitment threshold of the motor units was
measured from the ramp contractions that preceded each
sustained contraction and corresponded to the force level
of the first motor unit discharge, excluding discharges that
were separated from the next for <40 ms or >200 ms
(Farina et al. 2009). The difference �FR between the
recruitment threshold of a motor unit and the target force
in each sustained contraction was computed.

The instantaneous discharge rates of each motor unit
were smoothed using a Hann window of duration 400 ms
and high-pass filtered with cut-off frequency 0.75 Hz
(zero-phase filter, H(f ) = 1 − sin(πf )

πf
) to remove offsets

and trends, as proposed in previous studies (De Luca et al.
1982). The resulting smoothed and detrended discharge
rates (later referred to for simplicity only as smoothed
discharge rates) were arranged in a matrix (time samples
× motor unit) and their principal components were
computed using the eigenvalue decomposition of their
covariance matrix (Joliffe & Morgan, 1997):

� =

⎛
⎜⎜⎜⎜⎝

E [X 1X 1] E [X 1X 2] . . . E [X 1X N]

E [X 2X 1] E [X 2X 2] . . . E [X 2X N]

...
...

. . .
...

E [X NX 1] E [X NX 2] . . . E [X NX N]

⎞
⎟⎟⎟⎟⎠

,

(1)

where E [X iX i] and E [X iX j ], with i �= j , are the auto- and
cross-covariance of the smoothed discharge rates of the
i-th and j-th motor units. The term E [X iX j ] is equivalent
to the cross-correlation between pairs of smoothed
discharge rates, which is the measure of common drive
proposed by De Luca et al. (1982). The lower bound for the
maximum eigenvalue of the covariance matrix is (Walker
& Van Mieghem, 2008):

λmax ≥

∑
i,j

E
[
X iX j

]

N
=

∑
i

E [X iX i] + ∑
i �=j

E
[
X iX j

]

N
(2)

In this study, the maximum eigenvalue of the covariance
matrix, which corresponds to the relative power of the first
principal component, was used to quantify the strength of
the common low-frequency oscillations in the activities
of the identified motor units. Moreover, we analysed the
characteristics of the first principal component signal. The
first principal component is a signal that projects the
largest common variations in the smoothed motor unit
discharge rates. In the following, we refer to this signal as
the ‘first common component’ (FCC) of the motor unit
discharge rates.

For comparison with previous studies, the strength
of the association between motor unit discharge rates
was also analysed by studying pairs of motor units, as
previously proposed (common drive) (De Luca et al.
1982). Equation (2) includes a term proportional to the
previously proposed common drive index, defined as the
average of the peak of the cross-correlation functions
between pairs of motor unit discharge rates (De Luca et al.
1982):

CDI =

∑
i �=j

E
[
X iX j

]

N(N − 1)
(3)

The strength of the common drive was computed over
intervals of 5 s duration using eqn (3) and averaged over
the contraction duration, with the same pre-processing
on discharge rates as described above for computing
the principal components. Only peak values of the
cross-correlation function corresponding to time delays
in the interval ± 100 ms were considered for this analysis,
as previously suggested (De Luca & Erim, 2002).

The degree of motor unit short term synchronization
was calculated using the cross-correlation histograms (bin
width: 1 ms) between −100 ms prior to and 100 ms after
the discharge of the reference unit (Nordstrom et al.
1992). The cumulative sum (CUSUM) technique was
used to assess the location of the peak of the histograms,
as described previously (Ellaway, 1978; Davey et al.
1986; Semmler et al. 1997). The strength of short-term
synchronization was measured as the common input
strength (CIS) index, defined by Nordstrom et al. (1992).
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CIS values reported in the results are the average over
all pairs of motor units identified for each contraction
(Semmler & Nordstrom, 1999).

The coefficients of variation (CoV) for the ISI, for the
force signal and for the envelope of the surface EMG were
computed as the ratio (%) between the S.D. and the mean
values, after removal of the linear trends. The CoV for
the FCC signal was computed in a similar way, as the
ratio between the S.D. of the detrended FCC signal and its
mean value. For all the variables, the CoV was computed
using intervals of 4 s duration and the values obtained
were averaged over the contraction duration.

The associations between force, the FCC signal
and the envelope of the surface EMG were analysed
with cross-correlation (time-domain) and coherence
(frequency-domain) analyses. Coherence spectra were
estimated from the magnitude squared of the cross
spectrum and normalized by the product of the
auto-spectra. The spectra and cross-spectra were
computed from intervals of 2 s duration and then averaged
over the entire signal duration. The coherence level was
considered significant when it was greater than the 95%
confidence limit.

Statistical analysis

All variables were analysed with the Kolmogorov–Smirnov
test to check the assumption of standard normal
distribution. Since this test indicated normal distribution
for all the variables, parametric statistical analyses were
used.

Student’s t test for paired data was used to compare
the discharge rates at the beginning and the end of
each contraction. One-way ANOVA was used to compare
the recruitment threshold and �FR among contraction
levels. One-way ANOVA was also used to analyse the
relative power of the FCC signal and the strength of
correlation between FCC and force when varying the
number of motor units used for the principal component
analysis. Pair-wise comparisons were performed by the
Student–Newman–Keuls post hoc test when ANOVA was
significant.

Linear regression analysis was used to assess the relation
between the common drive index computed for pairs of
motor units as in eqn (3) (De Luca et al. 1982) and the
relative power of the FCC signal (largest eigenvalue of the
covariance matrix in eqn (1)). Regression analyses were
also performed to determine the association between the
CoV for the FCC and either the CoV for force or for the
envelope of the surface EMG. Moreover, linear regression
analysis was used to investigate the following associations:
CoV for ISI vs. �FR, mean motor unit discharge rate vs.
�FR, and CoV for ISI vs. CoV for force.

Data are reported as means and S.D. Significance was
accepted for P-values less than 0.05.

Results

Detailed results are reported for the abductor digiti minimi
muscle, whereas, in a summary table, only the most
relevant results are reported for the tibialis anterior muscle.
The measurements on the tibialis anterior muscle served
to prove that the main conclusions can be generalized to
muscles larger than the abductor digiti minimi and to
greater forces. Unless specified otherwise, the following
results refer to the abductor digiti minimi muscle.

During the 60 s contractions, a range of 0–3 motor
units not active at the beginning of the contractions
were recruited during the contractions. Recruitment
occurred after (range) 22–57 s from the beginning of the
contraction. The following results are reported only for
those units of the abductor digiti minimi that were active
for the entire duration of the contraction.

Figure 2 shows an example of identification of motor
unit action potentials from two intramuscular signals
and surface EMG. In this example, 14 motor units were
identified in total. Three of these motor units were
identified concurrently from one of the intramuscular
signals and the surface EMG. From the group data, 28
motor units (range 0–5) were identified concurrently
by the two intramuscular detection systems and for
these units the level of agreement in decomposition
was (average over all contraction forces) 97.9 ± 1.3%
(Table 1). Moreover, 29 motor units (range 0–3) were
identified concurrently from at least one intramuscular
recording site and the surface EMG, with agreement
in decomposition of (average over all contraction
forces) 93.7 ± 5% of discharges (Table 1). Therefore, the
decomposition procedures were highly accurate.

After merging the motor units detected by more than
one detection system, 222 motor units were identified from
the 24 recordings from the abductor digiti minimi muscle
(8 subjects × 3 contraction forces). Thus, on average ∼9
motor units per contraction could be investigated with a
high level of accuracy (>93%), which was necessary for
the population analysis performed in the following.

The average discharge rate of the identified motor
units showed a decline over time during the 60 s contra-
ctions, although this was not significant (average over
all contraction forces, 12.7 ± 2.2 pps and 12.2 ± 2.3 pps
for the first and last 10 s of activity, P > 0.05; Table 2).
The recruitment thresholds of the identified motor
units (3.6 ± 2.7% MVC) differed among the contraction
levels (P < 0.05; Table 2). Accordingly, the values of �FR
(4.1 ± 2.5% MVC) increased with contraction force and
were different among force levels (P < 0.001; Table 2).
�FR values and CoV for ISI (18.8 ± 4.1%; Table 2) were
not correlated (R2 = 0.0001, P = 0.64; Fig. 3A) whereas
there was a weak but significant correlation between the
average discharge rate and �FR (R2 = 0.04, P < 0.05;
Fig. 3B).
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Table 1. Accuracy in the decomposition estimated as the
percentage of discharges concurrently identified within 0.5 ms
tolerance by independent decompositions of two intramuscular
signals (iEMG-iEMG) or one intramuscular and the surface EMG
signals (iEMG-sEMG)

Contraction level

5% MVC 7.5% MVC 10% MVC

iEMG–iEMG (%) 98.3 ± 1.1 97.4 ± 1.5 98.3 ± 0.4
iEMG–sEMG (%) 96.5 ± 4.2 92.4 ± 5.1 92.3 ± 6.0

Values are reported as means ± S.D. Results are shown for 60 s
contractions at three force levels.

Figure 4A shows the discharge times of 10 motor units
identified during a contraction at 5% MVC force. In
this example, the first three motor units were identified
from surface EMG decomposition and the other seven
from the decomposition of the two intramuscular signals.
Figure 4B shows the smoothed discharge rates for the
10 motor units, which presented common oscillations
from visual inspection. The peak of the cross-correlation
between motor unit pairs calculated using the classic
measure of common drive (De Luca et al. 1982) was in this
example (5 s duration) 66.0 ± 12.0% and corresponded
to an averaged time lag of −9.4 ± 60.1 ms (Fig. 4C).
Principal component analysis was applied to the same
set of discharge rates to investigate the dimensionality
of the control signal. Figure 4D shows four principal
components extracted from the recording. In this example,
the first component accounted for 70.4% of the total
variance whereas the second component explained only
∼8% of the variance.

The group data analysis confirmed the observations
made for the representative example of Figure 4. The

relative power of the FCC signal (average over all
forces, using time intervals of 5 s for comparison
with the common drive measure, 64.3 ± 10.2%) was
significantly greater than the common drive index over
the same contraction intervals (58.7 ± 15.9%; averaged
time lag 2.6 ± 16.8 ms, P < 0.05). The two measures
of correlation among discharge rates showed positive
correlation (R2 = 0.29, P < 0.001), as expected from the
theoretical analysis (eqns (2) and (3)). These results
indicated that the FCC signal resembled the entire set
of discharge rates by a greater degree than the average
correlation between pairs of discharge rates. Neither the
common drive between motor unit pairs (R2 = 0.007,
P = 0.73) nor the relative power of the FCC signal
(R2 = 0.08, P = 0.27) was correlated with the CIS index
of synchronization (0.73 ± 0.24; Table 2), calculated for
each contraction as an average over all pairs of identified
motor units.

The results presented above refer to the computation
of the common drive index and FCC as averages over all
the time intervals of 5 s duration during the 60 s contra-
ctions. This analysis was performed for direct comparison
of the results with the method suggested in previous work
for estimating the strength of common drive (De Luca
et al. 1982). The values for the common drive index and
FCC signal reported in the following refer to the direct
computation over the entire recording interval of 60 s.
This further analysis was performed to investigate the
association between the FCC signal and force over the
full contraction interval.

From the group data calculated over the 60 s recording
interval, the FCC signal explained a significantly greater
amount of variability in the smoothed discharge rates
(44.2 ± 7.5%) compared with the second principal

250 ms

250 μV

0.5 mV

1 mV iEMG 1

iEMG 2

sEMG

Figure 2. Comparison between intramuscular and
surface EMG decomposition in the abductor digiti
minimi muscle
For clarity, only one channel (6th row and 3rd column)
from the surface EMG grid is depicted, and thus two
intramuscular and one surface EMG signals are shown.
Each symbol indicates a discharge of a motor unit as
identified from each recording. Action potentials from
the same motor units detected by at least two
recording systems (three motor units in this case) are
indicated with the same symbol (square, triangle and
circle), reported below each signal trace. The
contraction force was 5% MVC. iEMG: intramuscular
EMG; sEMG: surface EMG.
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Table 2. Motor unit characteristics for the three contraction force levels

Contraction level

5% MVC 7.5% MVC 10% MVC

Mean discharge rate (pps)
Beginning of the contraction (10 s) 11.4 ± 1.9 12.5 ± 2.3 14.3 ± 2.3

Mean discharge rate (pps)
End of the contraction (10 s) 10.8 ± 2.3 11.6 ± 1.9 14.11 ± 2.2

Recruitment threshold (% MVC) 2.8 ± 1.7∗ 3.8 ± 2.8∗ 4.1 ± 3.3∗

�FR (% MVC) 2.4 ± 1.6† 4.0 ± 2.3† 5.9 ± 3.3†
CoV for ISI (%) 16.6 ± 3.0+ 20.4 ± 4.4 19.5 ± 4.7
Common drive index (%) (5 s) 61.5 ± 16.6 57.0 ± 13.7 57.7 ± 16.9
Strength first principal component (%) (5 s) 67.8 ± 12.9 63.9 ± 9.0 61.1 ± 8.8
Common drive index (%) (60 s) 37.5 ± 6.8 37.9 ± 10.1 36.9 ± 3.9
Strength first principal component (%) (60 s) 44.2 ± 6.7 45.7 ± 9.4 42.8 ± 7.8
Strength second principal component (%) (60 s)∗∗ 14.1 ± 3.4 12.0 ± 2.0 13.6 ± 5.0
Strength other components (%) (60 s)∗∗ 6.5 ± 1.6 6.9 ± 1.7 6.9 ± 2.3
Common input strength (CIS) 0.72 ± 0.22 0.78 ± 0.31 0.68 ± 0.15

Mean correlation (%)
Correlation (R) between the first principal component and force †† 62.7 ± 10.9 62.9 ± 5.8 62.1 ± 15.0
Correlation (R) between motor unit discharge rates and force †† 41.3 ± 8.0 41.9 ± 8.6 40.8 ± 8.2

Values are group means ± S.D. ∗Significantly different among all contraction levels (P < 0.001). †Significantly different among
all contraction levels (P < 0.05). +Significantly different between 7.5% MVC and 10% MVC (P < 0.05). ∗∗ Significantly different
with respect to the first principal component (P < 0.001). †† Significantly different (P < 0.001). �FR: difference between the
recruitment threshold and the target force in % of MVC; ISI: interspike interval; CoV: coefficient of variation.

component (13.2 ± 3.5%) (P < 0.001) and the other
components (6.8 ± 1.8%) (Table 2). The strength of the
FCC signal calculated over the entire recording interval
was higher (P < 0.001) compared with the peak values
of the cross-correlation functions for pairs of motor
units computed over the same interval (37.4 ± 7.2%;
Table 2).

Figure 5A shows a representative comparison between
the FCC signal of the set of motor unit discharge rates
and the force signal. From visual inspection, the two
signals have similar low-frequency oscillations and in this
example the peak value of their cross-correlation function
was 61.5%. For comparison, Fig. 5B shows the force and
the envelope of the surface EMG, which were correlated, in
this example, by only 35.0%. From the group data, the peak
of the cross-correlation between the FCC and the force
signal (62.7 ± 10.1%; Table 2) was greater than the average
peak value of the cross-correlation function between the

smoothed discharge rates of individual motor units and
force (41.4 ± 7.8%; Table 2) (P < 0.001). This indicated
that the FCC signal of the population of discharge rates
explained better the motor output compared to the motor
unit discharge rates individually.

The correlation between FCC and force depended on
the type of window used to smooth the discharge rates.
For example, when using as a window the function
proposed by Fuglevand et al. (1993) for describing the
motor unit twitch force (with contraction time = 90 ms)
instead of the Hann window, the association between
the FCC and force signal increased to 71.8 ± 13.1%
(average over all contraction forces). The strength of the
association further increased by varying the contraction
time in order to maximize the correlation for each subject
(results not shown). Thus, the FCC signal extracted with
optimal smoothing windows explained most of the force
fluctuations.
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Figure 3. Association between �FR and discharge
properties in the abductor digiti minimi muscle
A, scatter plot of the averaged coefficient of variation
(CoV) for interspike interval (ISI) and �FR (P > 0.05). B,
scatter plot of mean discharge rate (DR) and �FR
(R2 = 0.04, P < 0.05). Each circle denotes one motor
unit and data are reported for all contraction levels and
subjects.
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Figure 6A shows a representative comparison between
the FCC signal and the set of motor unit discharge
rates used for the extraction of FCC (Fig. 6A). The value
calculated using only one motor unit (41.4 ± 7.5%) was
significantly lower than the values calculated using more
than three motor units (P < 0.001) (Table 2 and Fig. 6A).
On the contrary, when more principal components were
added to the first, the correlation between the resultant
signal and force decreased (Fig. 6B), being significantly
lower when using six components or more with respect
to one (P < 0.001). Moreover, the second component
alone was weakly correlated with the force oscillations
(9.8 ± 5.1%). Similar or lower correlation values were
obtained for the other components. This indicated that
only the first component (FCC) had an influence on the
force fluctuations whereas the other principal components
of the motor unit discharge rates did not influence the force
produced.

The CoV for the FCC decreased with increasing the
number of units, and values calculated using nine motor

units (8.7 ± 2.8%) or more were statistically lower than
those using one motor unit only (6.5 ± 3.5%; P < 0.05).
Figure 7 reports the associations between the CoVs for
the FCC, ISI, force signal and envelope of the surface
EMG in one representative subject. In this example, there
was a significant association between the CoV for force
and the CoV for the FCC signal (R2 = 0.29, P < 0.001)
whereas the association was weaker between the CoVs for
force and for the envelope of the surface EMG (R2 = 0.08,
P = 0.08). The results from the group data are reported
in Table 3. The CoV for force was correlated to the
CoV for the FCC in all subjects (R2 range = 0.14–0.56;
P < 0.05). Conversely, the CoV for FCC was correlated
to the CoV for the surface EMG envelope in only four
subjects (R2 range = 0.02–0.47.; P < 0.05) and the CoV for
the EMG envelope correlated to the CoV for force in only
three subjects (R2 = 0.28.; P < 0.05, R2 = 0.18.; P < 0.05,
R2 = 0.18.; P < 0.05). Finally, the relation between the
CoVs for ISI and force was the weakest and the result
was significant in only one subject (R2 = 0.12; P < 0.05).

12.3 pps

15 pps

13.2 pps

11.7 pps

10.9 pps

9.3 pps

11.3 pps

11.6 pps

10.5 pps

9.6 pps

C

-5 -3 -1 1 3 5
-0.6

-0.2

0.2

0.6

1

C
o

rr
e

la
ti

o
n

Time Lag (s)

7.7 %

6.2 %

4.9 %

D

70.4 %

0.5 s5 pps
4 pps6 pps1 s 1 s

A B

10 ms

500 V

100 V

Figure 4. Extraction of principal components from motor unit discharge rates
A, instantaneous discharge rates for 10 motor units of the abductor digiti minimi muscle (the first 3 were identified
from the surface EMG, the remaining 7 from the intramuscular recordings). The average discharge rates for the
10 motor units are reported on the left. B, smoothed discharge rates (Hann window of 400 ms duration). C,
cross-correlation functions calculated for all pairs of the 10 motor units (average correlation: 0.66 ± 0.12; time
lag: −9.4 ± 60.1 ms). D, first four principal components extracted from the set of detrended discharge rates
shown in B.

C© 2009 The Authors. Journal compilation C© 2009 The Physiological Society



J Physiol 587.24 Principal components of motor unit discharge rates 5933

A

AU

AU

Force (grey) vs FCC (black)

5 s

1 s

AU

AU

5 s

1 s

B Force (grey) vs Envelope sEMG (black)

Figure 5. Representative comparison between the first common
component of motor unit discharge rates and force
A, detrended force signal (grey) for a contraction at 7.5% MVC force
of the abductor digiti minimi muscle and first common component
(FCC) of the smoothed motor unit discharge rates (black). The peak of
the cross-correlation between the two signals is in this example
61.5%. B, detrended force signal (grey) and envelope of the surface
EMG (sEMG) signal (6th row and 3rd column of the grid) (black) for
the same contraction as in A. The peak of cross-correlation between
force and envelope of the surface EMG is 35.0%.

Figure 8A shows the coherence spectrum between the
FCC and the force signal in one representative contraction
at 7.5% MVC force. In this example, there was a strong
linear relation between force and FCC for all frequency
values in the range 0–4 Hz, which was the bandwidth for

B

0 1 2 3 4 5 6

20

0

40

60

80

100

No. of MUs

0 1 2 3 4 5 6

No. of principal components

C
o
rr

e
la

ti
o
n
 (

%
)

20

0

40

60

80

100

C
o
rr

e
la

ti
o
n
 (

%
)

A

* *

Figure 6. Association between the first common component
and the force signal
A, mean (S.D.) correlation between the first common component (FCC)
and the force (average over all contraction forces) in the abductor
digiti minimi muscle, as a function of the number of motor units (MUs)
used for the analysis. ∗Significantly different compared to the first
value (P < 0.001). B, mean (S.D.) correlation between FCC and force in
the abductor digiti minimi muscle, as a function of the number of
components added together. ∗P < 0.001.

the FCC signal (−3 dB at 1.8 Hz). Figure 8B shows the
coherence spectrum between force and envelope of the
surface EMG for the same contraction. From the group
data, the averaged maximal coherence value between FCC
and force was significantly greater (0.70 ± 0.12) than the
peak coherence value between the envelope of the surface
EMG and force (0.44 ± 0.16) (P < 0.05).

To investigate the generalization of results to a larger
muscle, measures were also performed on the tibialis
anterior muscle. For this muscle, accurate spike trains
could be identified for contractions up to 20% MVC;
for this contraction level, the agreement between two
intramuscular EMG decompositions was 97.2 ± 2.1% and
between intramuscular and surface EMG decompositions
was 93.4 ± 6.1%. The results obtained by analysing the
spike trains of 9 ± 1 motor units per contraction from the
tibialis anterior were similar to those for the abductor digiti
minimi muscle (Table 4). For example, the strength of the
first principal component computed over one segment of
5 s duration and averaged over all subjects (n = 8) was
62.8 ± 12.4% at 10% MVC force and this component
correlated with force by 58.1 ± 13.9% (Table 4). Similar
results were obtained for higher contraction forces (15%
and 20% MVC; Table 4). As for the abductor digiti minimi
muscle, the strength of the correlation between FCC and
force increased when using a window that resembled the
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Figure 7. Relations between variability of force, the first
common component, envelope of the surface EMG and
interspike interval
Data are shown for the abductor digiti minimi muscle of one
representative subject (all contractions are pooled). A, relation
between CoV for force and for the first common component (FCC)
signal (R2 = 0.29, P < 0.001). B, relation between CoV for the FCC
signal and envelope of the surface EMG (R2 = 0.18, P < 0.05). C,
relation between CoV for force and CoV for the envelope of the
surface EMG (R2 = 0.08, P = 0.08). D, relation between CoV for force
signal and Cov for ISI (R2 = 0.06, P = 0.11). Each circle corresponds to
an interval of 4 s.
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Table 3. R2 and P values for the linear regression analyses between coefficient of variations (CoV) for
force, first common component (FCC), envelope of the surface EMG and interspike interval (ISI)

Subject CoV CoV CoV CoV
Force vs. FCC Envelope sEMG vs. FCC Envelope sEMG vs. Force Force vs. ISI

1 R2 = 0.29, R2 = 0.19, R2 = 0.09, R2 = 0.12,

P < 0.001 P = 0.05 P = 0.06 P < 0.05
2 R2 = 0.53, R2 = 0.02, R2 = 0.002, R2 = 0.06,

P < 0.001 P = 0.45 P = 0.77 P = 0.15
3 R2 = 0.29, R2 = 0.18, R2 = 0.08, R2 = 0.06,

P < 0.001 P < 0.05 P = 0.08 P = 0.11
4 R2 = 0.56, R2 = 0.38, R2 = 0.28, R2 = 0.15,

P < 0.001 P < 0.001 P < 0.05 P = 0.05
5 R2 = 0.14, R2 = 0.23, R2 = 0.05, R2 = 0.01,

P < 0.05 P < 0.05 P = 0.25 P = 0.56
6 R2 = 0.50, R2 = 0.47, R2 = 0.18, R2 = 0.003,

P < 0.001 P < 0.001 P < 0.05 P = 0.70
7 R2 = 0.54, R2 = 0.02, R2 = 0.18, R2 = 0.03,

P < 0.001 P = 0.48 P < 0.05 P = 0.7
8 R2 = 0.41, R2 = 0.10, R2 = 0.06, R2 = 0.07,

P < 0.001 P = 0.29 P = 0.17 P = 0.11

Values are reported for each subject pooling all contraction levels. CoV: coefficient of variation. FCC: first
common component. sEMG: surface EMG. ISI: interspike interval.

twitch force instead of the Hann window (average of all
contraction forces, 68.3 ± 15.7%).

Discussion

A signal has been extracted as a linear projection of
the smoothed discharge rates of populations of motor
neurons, identified by the decomposition of intramuscular
and surface EMG recordings. This signal, which is the
first principal component of the multivariate measure
of discharge rates, explained a large portion of the total
variance of the discharge rates and showed high correlation
with the force output in two muscles. Adding other
components to the first did not improve the correlation

with force, and thus one component described the force
fluctuations in the best way among the linear trans-
formations of the ensembles of motor unit discharges.

For this study, it was necessary to estimate accurately
the discharge trains of more motor units than is usually
analysed in human studies. To overcome the limitation
of a relatively small number of identified motor units of
previous studies (De Luca et al. 1982; Stashuk,
2001), we have applied both intramuscular EMG and
high-density surface EMG, which were decomposed
with state-of-the-art and validated methods (Holobar &
Zazula, 2004; McGill et al. 2005). The average number
of motor units per contraction whose spike trains could
be identified in the two muscles was ∼9, relatively high
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Figure 8. Representative coherence spectra
A, coherence spectrum between the force and the first common component in the abductor digiti minimi muscle
of one representative subject. Values are above the confidence level (grey line) in the frequency interval 0–4 Hz.
B, coherence spectrum between force and envelope of the surface EMG (one channel at the 6th row and 3rd
column) for the same contraction. The contraction force was 7.5% MVC.
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Table 4. Motor unit characteristics for the three contraction force levels in the tibialis anterior muscle

Contraction level

10% MVC 15% MVC 20% MVC

Mean discharge rate (5 s) (pps) 11.9 ± 3.7 11.2 ± 1.6 13.8 ± 3.0
CoV for ISI (%) 15.4 ± 8.8+ 23.2 ± 7.7 21.9 ± 6.1
CoV for FCC (%) 10.1 ± 9.0 12.4 ± 8.6 11.9 ± 4.7
CoV for Force (%) 1.8 ± 0.9 1.2 ± 0.5 1.8 ± 0.7
Common Drive Index (%) (5 s) 47.5 ± 14.3 41.8 ± 17.0 38.3 ± 7.4
Strength first principal component (%) (5 s) 62.8 ± 12.4 56.4 ± 13.1 59.7 ± 6.5
Strength second principal component (%) (5 s) ∗∗ 19.6 ± 7.6 25.0 ± 10.4 24.7 ± 7.1
Strength other components (%) (5 s) ∗∗ 8.6 ± 2.4 7.9 ± 3.1 7.8 ± 3.2

Mean correlation (%)
Correlation (R) between the first principal component and force †† 58.1 ± 13.9 51.7 ± 12.6 52.4 ± 10.9
Correlation (R) between motor unit discharge rates and force †† 48.1 ± 8.5 45.5 ± 14.5 39.4 ± 11.3

Results are reported for 9 ± 1 motor units per contraction. Values are group means ± S.D., n = 8 subjects, for 10% MVC,
15% MVC and 20% MVC. Each value has been calculated over one epoch of 5 s for each contraction level averaged over
all subjects. ISI: interspike interval; CoV: Coefficient of variation. +Significantly different between 10% MVC and 15% MVC
and between 15% MVC and 20% MVC (P < 0.05); ∗∗Significantly different with respect to the first principal component
(P < 0.001); ††Significantly different (P < 0.05).

compared to previous studies on common drive (De Luca
et al. 1982, Adam et al. 1998, Erim et al. 1999). For these
units, the decomposition accuracy was proven to be high
(Table 1).

It was previously shown that the smoothed discharge
rates of the active motor units show a degree of correlation
during a contraction (De Luca et al. 1982). In this study,
the first principal component of the entire set of motor
unit discharge rates accounted for most of the variance
(Tables 2 and 4). Moreover, the first component alone
correlated to the force signal by a greater degree than when
adding more components (Fig. 6). These results prove that
the low-frequency oscillations of the discharges of motor
neurons are well represented by a one-dimensional neural
control signal. The strength of common oscillations in the
motor neuron pool, expressed as the percentage of the
variance described by the FCC signal, showed moderate
to high correlation with a common drive index previously
proposed (De Luca et al. 1982). This result was expected
since both techniques describe the correlation between
smoothed discharge rates. However, the relative power of
the FCC signal represents the global association between
motor unit discharges when considering all units together
whereas the common drive index previously proposed
analyses the units in pairs. Moreover, the method proposed
in this study provides not only an indication of the
strength of common activity among motor units (De Luca
et al. 1982) but also a signal as a function of time that
represents the overall common low-frequency oscillations
in discharge of the identified motor units.

The signal extracted by principal component analysis
from the detected motor unit discharges was compared
with the force signal. The force output can be modelled
as the convolution of the neural drive signal to the muscle
and the average force twitch of the active motor units.

The convolution by the average force twitch corresponds
to a low-pass filtering of the neural drive signal, and thus
it is expected that only the low-frequency components
of the neural signal are effective in determining the
characteristics of the generated force. Since the FCC
was extracted from low-pass filtered discharge rates,
it represented not only the common low-frequency
oscillations of the population of motor units but also the
force output. Accordingly, the FCC showed a correlation
with force of ∼60% in both muscles, which is a greater
value compared with the correlation values observed
between individual motor units and force in this (Tables 2
and 4) and previous studies (De Luca et al. 1982).
Moreover the other components alone showed negligible
correlation with the force oscillations. When the discharge
rates were smoothed with a window similar to the average
twitch, the FCC resembled force with correlation of ∼70%
in both muscles. The high correlation between FCC and
force, especially when using a window that resembled the
motor unit twitch force, indicates that the extracted signal
explained most of the motor output, in agreement with
the hypothesis that only the low-frequency components
of the neural drive have an influence on the generated
force and that one signal well represents the activity of the
identified motor units.

Interestingly, the FCC signal resembled the force to a
high correlation degree despite the fact that the actual
sample of motor units, although being larger than in
previous studies, was presumably small with respect to the
number of active motor units. For example, the abductor
digiti minimi muscle has ∼380 motor units (Santo Neto
et al. 1985). According to the recruitment model proposed
by Fuglevand et al. (1993), ∼150 of these motor units
should be active in this muscle at 5% MVC. Similarly, in
the tibialis anterior muscle there are ∼445 motor units
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(Feinstein et al. 1955) and ∼240 of them should be active
at 10% MVC, according to similar calculations (Fuglevand
et al. 1993). Thus, the set of detected units in this study
corresponded presumably to ∼5% of the number of active
units. The observation that FCC computed from this
relatively limited set of motor units, was correlated with the
force for more than 70%, further supports the conclusion
that the dimensionality of the control is very low, and thus
a small number of spike trains is sufficient for extracting
a neural component that well explains the motor output.
The observation that the extracted FCC did not perfectly
correlate with force (R < 100%) was also expected because
the transformation of each spike train in force occurs with
a different twitch shape whereas the FCC is obtained by
using the same window for all motor units.

In agreement with the high correlation with the force
signal, the CoV for the FCC was strongly associated
with the CoV for force for all contraction forces (these
results were presented only for the abductor digiti minimi
muscle). Conversely, the CoV for the ISI of the individual
motor units was poorly correlated with the CoV for force.
Simulation models have demonstrated that significant
changes in the CoV for ISI may have a marked effect
on the force steadiness (Enoka et al. 2003). However, the
results from experimental studies are controversial and
show only a weak association between force steadiness
and CoV for ISI (Mottram et al. 2005). The results of
this study further confirm that for the moderate force
levels analysed, the CoV for ISI has a small influence
on force fluctuations, especially when compared to the
low-frequency oscillations in the motor unit discharge
rates, as revealed by the FCC. This result is a consequence of
the severe low-pass filtering of the neural signal for trans-
duction into force. The CoV for ISI, which is due to the
synaptic noise and its interaction with the time course of
the post-spike afterhyperpolarization phase of the motor
neuron (Matthews, 1996), constitutes a high-frequency
component which is mostly filtered by the convolution of
the discharge rates with the twitch forces and, when the
number of active units is large, by summation of force
contributions from different units.

In addition to the correlation between low-frequency
components of the discharge rates, in the abductor
digiti minimi muscle, we also analysed the degree of
short-term synchronization among motor units (results
not reported for the tibialis anterior). The CIS index of
synchronization was relatively high for the hand muscle
analysed, in agreement with previous studies (Semmler
et al. 1997; Farina et al. 2008). However, CIS values
were not correlated to the common drive index or to the
strength of the FCC signal. This result is in agreement with
a previous investigation on synchronization and common
drive (Semmler et al. 1997) and confirms that the two
types of correlation (synchronization among discharges

and low-frequency common oscillations) have different
origins.

The envelope of the surface EMG showed a weak
correlation with both the FCC signal and force (Fig. 5B).
Moreover the peak of the coherence spectrum between the
envelope of the surface EMG and force was significantly
lower than between FCC and force (Fig. 8). The surface
EMG is generated from the neural drive signal by
convolution of the spike trains with single motor unit
action potentials. The model of generation is the same as
for force but the filtering function is different. Bipolar
motor unit action potentials have average value equal
to zero and thus constitute the impulse response of
high-pass filters, contrary to the twitch forces. This
generates amplitude cancellation in the surface EMG
(Farina et al. 2008) that hinders the association between
neural drive to the muscle and amplitude of the surface
EMG. These theoretical considerations were confirmed by
the experimental results of this study (Figs 5, 7 and 8).

The main results of the study were similar in both
muscles investigated. In both muscles, the multivariate
smoothed discharge rates could be described by the
FCC signal, whereas the other principal components
had smaller influence; moreover, the extracted signal
correlated with force to a similar degree for both muscles.
This similarity was expected since the generated muscle
force is the sum of the filtered spike trains (with twitch
force as impulse response) and the proposed FCC signal
is generated in a similar way. Variations in the degree of
common drive among muscles (De Luca et al. 2009) would
influence the strength of the first principal component,
which is an index of common drive (eqns (2) and (3)), but
to a lesser extent the association of the FCC signal with
force.

In conclusion, this study shows that the ensemble
of low-frequency oscillatory components of motor unit
discharge rates can be represented by a one-dimensional
signal, obtained by linear transformation of the smoothed
discharge rates, which explains most of the force
oscillations.
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