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Abstract The purpose of the study was to quantify
the strength of motor unit synchronization and coher-
ence from pairs of concurrently active motor units
before and after short-term (4–8 weeks) strength train-
ing of the left Wrst dorsal interosseous (FDI) muscle.
Five subjects (age 24.8 § 4.3 years) performed a train-
ing protocol three times/week that consisted of six sets
of ten maximal isometric index Wnger abductions,
whereas three subjects (age 27.3 § 6.7 years) acted as
controls. Motor unit activity was recorded from pairs
of intramuscular electrodes in the FDI muscle with two
separate motor unit recording sessions obtained before
and after strength training (trained group) or after
4 weeks of normal daily activities that did not involve
training (control group). The training intervention
resulted in a 54% (45.2 § 8.3 to 69.5 § 13.8 N,
P = 0.001) increase in maximal index Wnger abduction
force, whereas there was no change in strength in the
control group. A total of 163 motor unit pairs (198 sin-
gle motor units) were examined in both subject groups,
with 52 motor unit pairs obtained from 10 recording

sessions before training and 51 motor unit pairs from
10 recording sessions after training. Using the cross-
correlation procedure, there was no change in the
strength of motor unit synchronization following
strength training (common input strength index;
0.71 § 0.41 to 0.67 § 0.43 pulses/s). Furthermore,
motor unit coherence z scores at low (0–10 Hz;
3.9 § 0.3 before to 4.4 § 0.4 after) or high (10–30 Hz;
1.7 § 0.1 before to 1.9 § 0.1 after) frequencies were
not inXuenced by strength training. These motor unit
data indicate that increases in strength following sev-
eral weeks of training a hand muscle are not accompa-
nied by changes in motor unit synchronization or
coherence, suggesting that these features of correlated
motor unit activity are not important in the expression
of muscle strength.

Introduction

Over the last three decades, discussions on the neural
adaptations to training have inevitably included a role
for motor unit synchronization in the rapid gains in
strength during the Wrst few weeks of a strength-train-
ing program. The rationale for this is based on the sem-
inal study by Milner-Brown et al. (1975), who provided
indirect evidence from the surface electromyogram
(EMG) showing that strength training of a hand mus-
cle enhances motor unit synchronization. However, it
has been shown that the indirect method of estimating
synchronization from the surface EMG has several lim-
itations, which restricts its usefulness as an index of
synchronization during voluntary contractions in
humans (Yue et al. 1995). Although a change in motor
unit synchronization is regarded as one of the most
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signiWcant adaptations that occur in the nervous system
in response to training, the use of the surface EMG
index by Milner-Brown et al. (1975) casts some doubt
on the conclusions drawn from their data.

The most direct method to quantify motor unit syn-
chronization in humans is by the cross-correlation of
individual discharge times from pairs of concurrently
active motor units, where the discharge times of one
motor unit are used as a reference, and a histogram is
constructed of the peri-event discharge times of the
other motor unit. If a tendency towards synchroniza-
tion exists, there will be a peak in the cross-correlation
histogram around the time of Wring of the reference
motor unit (Moore et al. 1966) that arises from com-
mon inputs from branched axons of single last-order
neurons that increase the probability of simultaneous
discharge in the motor units sharing these inputs
(Kirkwood et al. 1982; Datta and Stephens 1990).
Using this procedure, several studies have shown that
motor unit synchronization varies with the details of
the task performed. For example, when measuring
from the same pairs of motor units in the Wrst dorsal
interosseous (FDI) muscle, the strength of motor unit
synchronization was »15% less during isometric index
Wnger Xexion compared with abduction (Bremner et al.
1991), whereas synchronization strength was »35%
greater during lengthening contractions compared with
isometric and shortening contractions (Semmler et al.
2002). Furthermore, the strength of motor unit syn-
chronization may be altered by habitual physical activ-
ity. Using cross-correlation analysis, we have shown
that the strength of motor unit synchronization was
largest for the dominant and non-dominant hands in
weightlifters, and was lowest in both hands of a group
of highly skilled musicians (Semmler and Nordstrom
1998). However, because no training intervention was
performed, it is not known if these synchronization
diVerences were related to some aspect of muscle
strength, or more closely associated with skilled motor
performance.

Additional information can be gained about the
common input to motor neurons by examining the cor-
related activity from pairs of motor units in the fre-
quency domain. This procedure, known as motor unit
coherence analysis, is a measure of the strength of
common oscillatory input to the motor neurons. The
typical pattern of coherence that is observed during
isometric contractions of hand muscles includes a large
amplitude low frequency (0–10 Hz) peak, and a small
amplitude high frequency (»10–30 Hz) peak. The high
frequency component of coherence is thought to origi-
nate in various cortical structures that includes the
motor cortex (Farmer et al. 1993b; Baker and Baker

2003), whereas recent evidence suggests that stretch
reXex mechanisms may contribute to low frequency
(6–12 Hz) coherence (Christakos et al. 2006). Similar to
synchronization, motor unit coherence is also modu-
lated based on the requirements of the task, which
includes reduced coherence at »5–10 Hz during short-
ening contractions (Kakuda et al. 1999; Semmler et al.
2002) and alterations in coherence at 15–30 Hz based
on the compliance of a manipulated object during a
precision grip (Kilner et al. 2002). Several studies have
shown a strong association between motor unit syn-
chronization and high-frequency (»15–30 Hz) coher-
ence, suggesting that these two measures of common
input share similar mechanisms (Farmer et al. 1993b;
Halliday et al. 1999; Kilner et al. 2002; Semmler et al.
2002). Accordingly, we used our original motor unit
sample (Semmler and Nordstrom 1998) and found that
motor unit coherence was greatest in the weightlifters
(at 3–9 and 21–27 Hz) and least in the musicians (at 21–
27 Hz) compared with untrained subjects, with a strong
correlation between motor unit synchronization and
high-frequency (15–30 Hz) coherence, particularly for
broad synchronization peaks in the strength-trained
subjects (Semmler et al. 2004). However, this cross-sec-
tional data again fails to provide information on the
short-term adjustments in correlated motor unit activ-
ity that may occur as a direct consequence of training.

The purpose of this study was to quantify the
strength of motor unit synchronization and coherence
from pairs of concurrently active motor units obtained
before and after short-term strength training of a hand
muscle. Increases in correlated motor unit activity
within and between synergistic muscles could conceiv-
ably result in increased strength by increasing the rate
of force development during rapid contractions (Van
Cutsem et al. 1998) and the summation of twitch forces
from groups of motor units that are modulated by a
common input in the time and frequency domains.
Based on previous data in strength trained subjects
(Milner-Brown et al. 1975; Semmler and Nordstrom
1998), and the mechanistic link between motor unit
synchronization and coherence (Farmer et al. 1993b;
Semmler et al. 2004) we expected to see increased
motor unit synchronization and high-frequency coher-
ence (10–30 Hz) in the FDI muscle following strength
training. Preliminary data from this study has been
published in abstract form (Semmler et al. 2006).

Methods

Eight subjects (age 25.8 § 5.0, range 20–33 years) par-
ticipated in the study, and gave informed consent to
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the procedures that were approved by the university
human research ethics committee. Subjects had no
known history of peripheral or neurological impair-
ment. Five subjects (age 24.8 § 5.3 years) participated
in the strength-training program, whereas three sub-
jects (age 27.3 § 6.7 years) participated as a control
group where the experimental sessions were separated
by 4 weeks with no training intervention. Four experi-
mental recording sessions were performed in each sub-
ject, with two undertaken before training and two after
training.

Experimental arrangement

Subjects were seated comfortably in a modiWed bar-
bers chair with their left arm and hand placed in a
manipulandum as described previously (Sale and
Semmler 2005). BrieXy, the shoulder was abducted
»45°, the elbow joint was Xexed to 90° and the palm of
the hand facing downwards. The third to Wfth digits
were Xexed around a handle located on the manipu-
landum and the thumb was kept extended by a sup-
port. This position acted to isolate index Wnger
abduction force by restraining the other digits. Volun-
tary force was measured using a force transducer (Sen-
sotec model 13, Columbus, OH, USA) that was
located on the lateral side of the proximal interphalan-
geal joint. Subjects were provided with visual feed-
back of force via an oscilloscope that was located
approximately 1 m in front of them at eye level. Single
motor unit recordings were obtained from the left FDI
using 50 �m stainless steel wires that were insulated
with formvar (California Fine Wire, Grover Beach,
CA, USA) and inserted into the muscle with a 27G
hypodermic needle. A hook of »2 mm was created at
the recording end of the electrodes so that the wires
remained Wxed within the muscle once the needle was
removed. The motor unit signals were ampliWed
(1,000£) and Wltered (90 Hz–8 kHz), and together
with force were recorded on a digital recorder (Sony
PC 116 DAT) then digitized (20 kHz for motor units,
2 kHz for force) and analyzed oV-line using the Spike2
data analysis system (Cambridge Electronic Design
Ltd, Cambridge, UK).

Experimental procedures

The training program involved maximum isometric
abduction of the right index Wnger that was performed
three times/week in the laboratory. The task consisted
of rapid index Wnger abduction contractions that were
held for 3 s, with a 3-s rest between contractions. This
was performed ten times (one set), and each subject

performed 6 sets (separated by approximately 2 min)
for a total of 60 contractions which lasted »18 min.
Each subject underwent training for at least 4 weeks
(12 sessions) before the Wrst post-training motor unit
data was obtained, and training was continued until
motor unit recordings from a second post-training ses-
sion was successfully completed. This resulted in an
average of 20 § 2 training sessions in all subjects
(range 16–24 sessions).

Before and after training, measurements of maxi-
mum strength and single motor unit activity were
acquired on two occasions. For maximum strength,
subjects were asked to produce a gradual increase in
index Wnger abduction force to maximum over a 3-s
period, and verbal encouragement was provided while
a maximal eVort was maintained for a further 3 s. This
task was performed three to four times, and the maxi-
mum voluntary contraction (MVC) force was
obtained provided that a consistent (force within 5%)
eVort was performed in at least two contractions. Fol-
lowing this, three to four intramuscular electrodes
were inserted into the FDI muscle to record single
motor unit activity. The protocol involved identifying
a feedback motor unit in one of the electrodes, and
subjects were provided with the discharge times of this
motor unit via an audio signal. The trial commenced
when a second motor unit was identiWed in a separate
electrode, and the subject was asked to maintain the
discharge rate in the feedback motor unit for 2–4 min
while the activity of the second motor unit was contin-
ually monitored by one of the investigators. Sampling
from motor units that were active at relatively low
forces minimized the eVects of fatigue, and the sub-
jects were allowed to rest for several minutes at the
end of each trial. After the rest period, a diVerent
motor unit from the second channel was selected, by
either displacing the electrode at least 0.5 cm to obtain
a completely diVerent motor unit waveform or by
recording from a new electrode. No more than two
recordings were obtained from each electrode to
reduce the likelihood of recording from the same
motor unit on separate occasions. Using this proce-
dure, the goal was to match the same feedback motor
unit with Wve other diVerent motor units within the
muscle, as it has previously been shown that this
method provides equivalent information from a much
larger random sample of motor units within the mus-
cle (Semmler and Nordstrom 1999). Due to the diY-
culty in maintaining the same feedback motor unit
during multiple trials, it was not possible to follow this
procedure during one recording session in one subject
after training. On this occasion, Wve motor-unit pairs
were recorded from nine unique motor units.
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Analysis

Single motor unit discharges were discriminated using
a computerized waveform-matching template (Spike
2, Cambridge Electronic Design, UK), which identi-
Wed action potentials based on waveform shape. To
ensure discrimination accuracy, the interspike inter-
vals of identiWed motor units were examined for every
trial and abnormally short or long intervals that were
due to discrimination error were quantiWed relative to
the total number of action potentials. In trials with an
unacceptably high number of errors (>5% errors), the
discharge times were manually edited based on wave-
form shape and expected discharge times with respect
to the normal repetitive and rhythmic discharge of the
motor unit. Mean motor unit discharge rate and the
coeYcient of variation of discharge rate were calcu-
lated from the individual discharge times. Motor unit
synchronization was assessed by cross-correlation of
the discharge times from pairs of motor units obtained
from separate electrodes using the synchrony index
common input strength (CIS), which is quantiWed with
the number of discharges in excess of chance divided
by the duration of the trial when both motor units
were tonically active. This index represents the fre-
quency of extra synchronous discharges because it is
quantiWed as the number of extra synchronous dis-
charges per second (pulses/s), and is not inXuenced by
discharge rate of the contributing motor units (Nord-
strom et al. 1992). As an alternative measure, the
strength of synchronization was also quantiWed using
the index E, which corresponds to the total number of
extra counts within the peak relative to the number of
discharges by the motor unit with the lowest mean dis-
charge rate (Datta and Stephens 1990). This index
represents the probability of extra synchronous dis-
charges for every discharge by the reference motor
unit. The geometric mean discharge rate and coeY-
cient of variation of discharge rate were calculated for
each pair of motor units used for cross-correlation
analysis.

Coherence analysis was performed between the
same pairs of motor units using a procedure that has
been described previously (Rosenberg et al. 1989;
Semmler et al. 2004) and was implemented in Matlab.
BrieXy, the discriminated motor unit data were divided
into contiguous, non-overlapping epochs of 1.28 s that
comprised 256 bins. Each 5-ms bin was assigned a
value of 1 when it contained a discriminated action
potential and a value of 0 when no action potential was
present, and these data were transformed into the fre-
quency domain with a resolution of 0.8 Hz. Auto- and
cross-spectra were averaged over the disjoint sections

to obtain the coherence data for each motor unit pair,
which resulted in a measure of linear association with
values between 0 (completely independent) and 1
(completely dependent). The pooled coherence was
then calculated for each condition using the method
described by Amjad et al. (1997). For comparison
between subjects, the coherence estimates for each
pair of motor units were normalized into z scores
(Rosenberg et al. 1989).

For statistical analysis, a three way repeated mea-
sures ANOVA was used to examine MVC force, with 1
between-subject factor of Training group (training,
control) and 2 within-subject factors of Session (Wrst,
second) and Time (before, after). For the motor unit
discharge properties (geometric mean discharge rate
and variability, synchronization, coherence), a three-
way ANOVA was used to compare Training group,
Session, and Time. Data were pooled between Sessions
as no signiWcant eVect in the ANOVA was observed
between the Wrst and second session for any dependent
variable. Fishers post-hoc test was performed when sig-
niWcant eVects were observed in the ANOVA. For all
the comparisons, P < 0.05 was regarded as statistically
signiWcant. Data are shown as means § SD in the text
and mean § SE in the Wgures.

Results

Maximum index Wnger abduction force for the training
and control group are shown in Fig. 1a. The strength-
training program resulted in a mean increase in
strength for index Wnger abduction of 54% (24 N,
P = 0.001), with an increase that ranged from 36 to
79% in individual subjects. In contrast, there was no
signiWcant change in strength for the control group
when the measurements were separated by 4 weeks
(P = 0.48, range –4 to + 25%).

A total of 163 motor unit pairs (198 individual motor
units) were examined in eight subjects, with each sub-
ject contributing an equivalent number (»10) of motor
unit pairs before and after the intervention. For the 5
subjects in the training group, 52 motor unit pairs (62
motor units) were obtained on 10 occasions before and
51 motor unit pairs (64 motor units) were obtained on
10 occasions after strength training. For the 3 control
subjects, 29 motor unit pairs (35 motor units) were
obtained on 6 occasions before and 31 motor unit
pairs (37 motor units) were obtained on 6 occasions
after 4-weeks of normal daily activities.

There was a small but signiWcant reduction in the
geometric mean discharge rate after the intervention in
both subject groups (P < 0.001), although there was no
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diVerence between the training and control groups
(P = 0.5). In the training group, the geometric mean
discharge rate was 10.4 § 1.2 pulses/s (pps) before
training and 9.5 § 2.1 pps after training. For the con-
trol subjects, the geometric mean discharge rate was
10.8 § 1.9 pps before and 9.5 § 2.1 pps 4-weeks later.
In contrast, the geometric mean discharge rate vari-
ability increased after the intervention in both subject
groups (P < 0.001). In the training group, the geometric
mean coeYcient of variation was 17.8 § 3.8% before
training and 18.7 § 3.7% after training. For the control
subjects, the geometric mean coeYcient of variation
was 16.3 § 2.7% before and 18.2 § 3.4% after 4-weeks.
Again, no signiWcant diVerence was observed for the
geometric mean coeYcient of variation between train-
ing and control groups (P = 0.08). These motor unit
discharge properties were maintained with mean con-
traction intensities of 8.5 § 8.8% MVC before training

and 8.7 § 9.7% MVC after training. The mean contrac-
tion intensities were signiWcantly lower for the control
subjects (P < 0.001), which were 2.9 § 2.7% MVC
before and 2.7 § 2.8% MVC after the 4-week period.
However, there was no signiWcant diVerence in mean
contraction intensities before and after the interven-
tion in both groups.

The signiWcant increase in strength induced by the
strength-training program did not alter the mean
strength of motor unit synchronization in these sub-
jects (Fig. 1b, c). Using two diVerent measures of the
strength of synchronization, there was no eVect of
Training, Group, or a Training £ Group interaction in
the ANOVA using the synchrony index CIS or index
E. There was a slight tendency for reduced synchroni-
zation after the intervention using the synchrony index
CIS in both groups, although this comparison did not
reach statistical signiWcance (P = 0.08). Furthermore,
training did not inXuence the width of the synchronous
peak nor was it diVerent between the training and con-
trol groups. The width of the central synchronous peak
was 14.2 § 6.1 ms in the training group and
15.8 § 3.6 ms in the control group before the 4-week
period, whereas it was 15.7 § 4.8 ms in the training
group and 16.0 § 4.0 ms in the control group after the
intervention.

The strength of motor unit coherence in the training
and control groups obtained before and after the inter-
vention is shown in Fig. 2. The pooled coherence val-
ues are shown for descriptive purposes in A and B,
whereas the mean coherence z-scores from 0 to 10 and
10 to 30 Hz are shown for use in statistical analysis in C
and D. The number of 1.28-s data segments used in the
coherence analysis did not vary between training
groups or measurement sessions. The number of seg-
ments that contributed to the coherence analysis in the
training group was 99 § 6 before training and 111 § 5
after training, whereas it was 108 § 6 before and
104 § 4 after 4 weeks in the control group. From these
data, the typical pattern of motor unit coherence, con-
sisting of a large amplitude low-frequency (0–10 Hz)
peak, and a small amplitude high-frequency (10–
30 Hz) peak, was observed in both subject groups,
although a small peak was observed at »6 Hz in the
trained group that was not present in either recording
session in the control group. Statistical analysis of the
mean coherence z scores (Fig. 2c, d) showed that there
was no diVerence in coherence before and after
strength training, or for the two recording sessions in
the untrained subjects at 0–10 or 10–30 Hz. Further-
more, there was no signiWcant diVerence in mean
coherence between the training and control groups at
low (0–10 Hz) or high (10–30 Hz) frequencies.

Fig. 1 Maximal voluntary contraction force (a) and strength of
motor unit synchronization (b, c) measured before and after
strength training (Trained) or no training (Untrained). Data show
no change in the strength of motor unit synchronization despite
signiWcant increases in strength obtained from a short-term
strength-training program. *P = 0.001
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Discussion

It is a commonly held view that the strength of motor
unit synchronization in a hand muscle increases as a
result of a short period of strength training. Using
cross-correlation of pairs of motor units, which repre-
sents the gold standard to quantify motor unit synchro-
nization during voluntary contractions in humans, we
have found no change in the strength of motor unit
synchronization following training, despite signiWcant
strength gains that were obtained in all subjects. Fur-
thermore, strength training did not inXuence motor
unit coherence at any frequency in these subjects.
These data suggest that increases in strength following
4 weeks of training a hand muscle are not accompanied
by increases in the correlated activity of motor units.

Because substantial variability exists in the measure
of synchronization obtained from cross-correlation
(Nordstrom et al. 1992), the comparison of motor unit
activity before and after training requires a suYcient
sample size and an adequate number of measurements
to adequately characterize the behavior. In the current
study, we employed a sampling procedure that
required the matching of one reference motor unit to
at least Wve other unique units within the same muscle,
rather than the typical approach of sampling from as
many motor units in the muscle as possible. Although
it was technically diYcult to maintain the activity of the

same motor unit throughout the »2 h recording ses-
sion, this technique allowed us to sample from a
smaller number of motor units, while providing equiva-
lent information from that obtained from a larger ran-
dom sample of motor units. This rationale is based on a
previous observation indicating that the mean strength
of synchronization obtained from cross-correlating the
discharge of one reference motor unit to at least Wve
other units in the muscle is strongly correlated
(r = 0.86; P < 0.001) with the mean strength of motor
unit synchronization obtained when sampling from an
average of 14 (range 9–23) randomly selected motor
unit pairs in the same muscle, with no signiWcant diVer-
ences in synchronization between the two procedures
in 85% of cases (Semmler and Nordstrom 1999). To
increase the sample size, the estimate of motor unit
synchronization for each subject was performed twice
before and twice after training. However, this tech-
nique still only quantiWes synchronization in the
selected population of motor units in the muscle on
that day, and is not a measure of whole muscle syn-
chronization. For this reason, we have pooled the
motor units from all subjects rather than examined the
strength of synchronization within subjects. Further-
more, because up to four electrodes were used in each
recording session, we can be reasonably certain that
each new motor unit sampled was unique, and not sim-
ply a recording from other muscle Wbers of the same
motor unit, which is likely to occur when manipulating
the electrode to sample from as many motor units in
the muscle as possible, or when performing multiple
measurements on separate days.

The most inXuential study on the role of motor unit
synchronization in strength training was performed by
Milner-Brown et al. (1975), who used an indirect mea-
sure of synchronization derived from the surface
EMG. They found that EMG-based synchronization
was higher in the FDI muscle of a group of weightlift-
ers, and that synchronization measured in control sub-
jects could be enhanced by a 6-week period of strength
training. However, recent studies have indicated that
the indirect method of estimating synchronization from
the surface EMG used by Milner-Brown et al. (1975)
has several limitations. For example, surface EMG syn-
chronization is inXuenced by an artifact associated with
the signal rectiWcation process which varies with the
signal-to-noise ratio, is positively correlated with back-
ground EMG levels due to recruitment of new syn-
chronized motor units (Yue et al. 1995), and is
inXuenced by neuromuscular factors that aVect signal
cancellation in the spike-triggered averages derived
from the EMG (Keenan et al. 2006). Furthermore,
there is a poor correlation between estimates of motor

Fig. 2 Motor unit coherence measured from pairs of motor units
obtained before and after strength training (Trained) or no train-
ing (Untrained). a, b The pooled coherence values; c, d the mean
coherence z scores obtained from 0 to 10 Hz and 10 to 30 Hz.
Short-term strength training did not inXuence motor unit coher-
ence at low or high frequencies
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unit synchronization using the surface EMG and the
more robust cross-correlation method (Semmler and
Nordstrom 1999), with the most likely explanation for
this discrepancy related to the technical limitations
with measuring synchronization from the surface
EMG.

To further explore the role of synchronization in
muscle strength, Semmler and Nordstrom (1998) used
cross-correlation of motor unit discharge to compare
the strength of motor unit synchronization in groups of
individuals with contrasting habitual use of their hand
muscles. They found that the strength of motor unit
synchronization was largest in weightlifters, intermedi-
ate in untrained subjects, and least for highly skilled
musicians, suggesting that motor unit synchronization
is related to some aspect of strength in weightlifters, or
to skilled hand function in musicians. The current
study, which uses cross-correlation of motor units to
examine synchronization after a short-term strength
training protocol, is a logical extension of this work.
We found that increases in strength of a hand muscle
with several weeks of training were not accompanied
by increases in motor unit synchronization. In support
of a recent computer simulation study (Yao et al.
2000), these data suggest that motor unit synchroniza-
tion is not important in the expression of muscle
strength. It is possible that the divergent levels of
motor unit synchronization in chronic weightlifters and
musicians obtained in our previous study (Semmler
and Nordstrom 1998) may reXect an innate level of
synchronization that has been reduced by the long-
term skilled muscle use that is necessary to play a musi-
cal instrument, rather than an increase in motor unit
synchrony that is caused by strength training. We
therefore suggest that the neural adaptations that
occur to induce changes in motor unit synchronization
are related to Wne motor performance, with adjust-
ments in the common inputs to motor neurons that
generate synchronization operating as an appropriate
neural strategy to promote the accurate performance
of skilled motor tasks, such as when playing a musical
instrument (Semmler and Nordstrom 1998).

In contrast to changes in motor unit synchroniza-
tion, there is less information on the training-related
plasticity of common oscillatory inputs to motor neu-
rons that is quantiWed as either corticomuscular (cortex
to muscle), EMG (muscle to muscle), or motor unit
coherence. This common modulation by rhythmic
inputs in the descending command to muscles is
believed to represent an “echo” of multiple neural
oscillators from diVerent cortical and sub-cortical
areas, and may provide a mechanism for the integra-
tion of sensory and motor system information during

co-ordinated movement (Farmer 1998). Much of the
available evidence indicates that coherent oscillations
in the motor system are inXuenced by the task per-
formed, but only during skilled muscle use. For exam-
ple, motor unit coherence at 15–30 Hz is increased with
the compliance of the gripped object (Kilner et al.
2002) and during slow lengthening compared with
shortening muscle contractions (Semmler et al. 2002).
In addition to these acute neural adjustments, we have
previously shown that long-term habitual physical
activity over many years involving skill and strength
training are associated with divergent adaptations in
motor unit coherence, with the least coherence in the
hand muscles of musicians compared with weightlifters
(Semmler et al. 2004). We have shown in the current
study that a short period of strength training has no
eVect on motor unit coherence during a simple index
Wnger abduction task. Although the relevance of these
coherent oscillations to the neural control of move-
ment is not yet clear, the current study suggests that
oscillatory inputs to motor neurons are not associated
with the development of muscle strength. Therefore, it
seems more likely that these coherent oscillations rep-
resent a more eYcient strategy to maintain precise
coordinated control of a large number of synergist
muscles during skilled motor tasks, as has been sug-
gested previously (Kilner et al. 2002; Semmler et al.
2004).

Motor unit synchronization and coherence represent
diVerent statistical procedures that provide complimen-
tary information on the common input to motor neu-
rons during voluntary contractions. Both of these
features of correlated motor unit activity are believed
to be modulated by cortical input to the motor neurons.
For example, motor unit synchronization is altered in
conditions that aVect the corticospinal pathway such as
in stroke (Farmer et al. 1993a) and amyotrophic lateral
sclerosis (Schmied et al. 1999), but is not aVected by vig-
orous vibration of a hand muscle that is known to excite
muscle spindles (see Farmer et al. 1997). Using a similar
rationale, several studies have indicated that motor unit
coherence is also mediated, at least for high frequencies
(10–30 Hz), by the corticospinal pathway (Farmer et al.
1993b; Salenius et al. 1997; Baker and Baker 2003). As
such, variations in the strength of correlated motor unit
activity in the time and frequency domains are inter-
preted as a change in the common inputs to motor neu-
rons from supraspinal sources. We found no change in
motor unit synchronization or coherence following
short-term strength training of a hand muscle, indicat-
ing that this intervention is unlikely to involve adapta-
tions of common descending inputs from the motor
cortex. In support of this view, Carroll et al. (2002)
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found that 4 weeks of strength training a hand muscle
did not alter corticospinal excitability measured by
transcranial magnetic stimulation (TMS) when obtained
at rest, and was reduced at contraction levels of 50%
MVC. Because the reduction in motor evoked potential
amplitude during the contraction was also observed
following transcranial electrical stimulation (which
activates corticospinal axons directly), they concluded
that strength training altered the functional properties
of the spinal cord circuitry, but not the output from the
motor cortex. Despite numerous reports describing
functional changes in the motor cortex control of move-
ment following short-term skill training (Karni et al.
1995; Pascual-Leone et al. 1995; Classen et al. 1998;
Ziemann et al. 2001; Jensen et al. 2005), the data from
TMS (Carroll et al. 2002; Jensen et al. 2005) and
correlated motor unit activity (present study) suggest
that strength training does not inXuence the features of
motor cortex control that are quantiWed by these
techniques.

In conclusion, we have shown that increases in
strength following several weeks of strength training a
hand muscle are not accompanied by alterations in
motor unit synchronization or coherence, suggesting
that correlated motor unit activity is not important for
the expression of muscle strength. Although strength
training undoubtedly involves adaptations within the
nervous system during the Wrst few weeks of a training
program (Semmler and Enoka 2000; Duchateau et al.
2006), the data from the present study suggest that
strength training does not inXuence the features of
motor cortex control that are revealed by measures of
correlated motor unit activity. We suggest that changes
in correlated motor unit activity are likely to be most
important for the coordinated activity of multiple mus-
cles during the learning and performance of skilled
motor tasks. This proposition remains to be tested.

Acknowledgments This work was supported by the National
Health and Medical Research Council of Australia grant
(274307) awarded to JGS.

References

Amjad AM, Halliday DM, Rosenberg JR, Conway BA (1997) An
extended diVerence of coherence test for comparing and
combining several independent coherence estimates: theory
and application to the study of motor units and physiological
tremor. J Neurosci Methods 73:69–79

Baker MR, Baker SN (2003) The eVect of diazepam on motor
cortical oscillations and corticomuscular coherence studied
in man. J Physiol 546:931–942

Bremner FD, Baker JR, Stephens JA (1991) EVect of task on the
degree of synchronization of intrinsic hand muscle motor
units in man. J Neurophysiol 66:2072–2083

Carroll TJ, Riek S, Carson RG (2002) The sites of neural adapta-
tion induced by resistance training in humans. J Physiol
544:641–652

Christakos CN, Papadimitriou NA, Erimaki S (2006) Parallel
neuronal mechanisms underlying physiological force tremor
in steady muscle contractions of humans. J Neurophysiol
95:53–66

Classen J, Liepert J, Wise SP, Hallett M, Cohen LG (1998) Rapid
plasticity of human cortical movement representation in-
duced by practice. J Neurophysiol 79:1117–1123

Datta AK, Stephens JA (1990) Synchronization of motor unit
activity during voluntary contraction in man. J Physiol
422:397–419

Duchateau J, Semmler JG, Enoka RM (2006) Training adapta-
tions in the behavior of human motor units. J Appl Physiol
(in press)

Farmer SF (1998) Rhythmicity, synchronization and binding in
human and primate motor systems. J Physiol 509:3–14

Farmer SF, Swash M, Ingram DA, Stephens JA (1993a) Changes
in motor unit synchronization following central nervous
lesions in man. J Physiol 463:83–105

Farmer SF, Bremner FD, Halliday DM, Rosenberg JR, Stephens
JA (1993b) The frequency content of common synaptic in-
puts to motoneurones studied during voluntary isometric
contraction in man. J Physiol 470:127–155

Farmer SF, Halliday DM, Conway BA, Stephens JA, Rosenberg
JR (1997) A review of recent applications of cross-correla-
tion methodologies to human motor unit recording. J Neuro-
sci Methods 74:175–187

Halliday DM, Conway BA, Farmer SF, Rosenberg JR (1999)
Load-independent contributions from motor-unit synchroni-
zation to human physiological tremor. J Neurophysiol
82:664–675

Jensen JL, Marstrand PC, Nielsen JB (2005) Motor skill training
and strength training are associated with diVerent plastic
changes in the central nervous system. J Appl Physiol
99:1558–1568

Kakuda N, Nagaoka M, Wessberg J (1999) Common modulation
of motor unit pairs during slow wrist movement in man.
J Physiol 520(Pt 3):929–940

Karni A, Meyer G, Jezzard P, Adams MM, Turner R, Ungerleid-
er LG (1995) Functional MRI evidence for adult motor cor-
tex plasticity during motor skill learning. Nature 377:155–158

Keenan KG, Farina D, Merletti R, Enoka RM (2006) Amplitude
cancellation reduces the size of motor unit potentials aver-
aged from the surface EMG. J Appl Physiol 100:1928–1937

Kilner JM, Alonso-Alonso M, Fisher R, Lemon RN (2002) Mod-
ulation of synchrony between single motor units during pre-
cision grip tasks in humans. J Physiol 541:937–948

Kirkwood PA, Sears TA, Tuck DL, Westgaard RH (1982) Varia-
tions in the time course of the synchronization of intercostal
motoneurones in the cat. J Physiol 327:105–135

Milner-Brown HS, Stein RB, Lee RG (1975) Synchronization of
human motor units: possible roles of exercise and supraspinal
reXexes. Electroencephalogr Clin Neurophysiol 38:245–254

Moore GP, Perkel DH, Segundo JP (1966) Statistical analysis and
functional interpretation of neuronal spike data. Annu Rev
Physiol 28:493–522

Nordstrom MA, Fuglevand AJ, Enoka RM (1992) Estimating the
strength of common input to human motoneurons from the
cross-correlogram. J Physiol 453:547–574

Pascual-Leone A, Nguyet D, Cohen LG, Brasil-Neto JP, Camma-
rota A, Hallett M (1995) Modulation of muscle responses
evoked by transcranial magnetic stimulation during the
acquisition of new Wne motor skills. J Neurophysiol 74:1037–
1045
123



Exp Brain Res (2006) 175:745–753 753
Rosenberg JR, Amjad AM, Breeze P, Brillinger DR, Halliday
DM (1989) The Fourier approach to the identiWcation of
functional coupling between neuronal spike trains. Prog Bio-
phys Mol Biol 53:1–31

Sale MV, Semmler JG (2005) Age-related diVerences in corti-
cospinal control during functional isometric contractions in
left and right hands. J Appl Physiol 99:1483–1493

Salenius S, Portin K, Kajola M, Salmelin R, Hari R (1997) Corti-
cal control of human motoneuron Wring during isometric
contraction. J Neurophysiol 77:3401–3405

Schmied A, Pouget J, Vedel JP (1999) Electromechanical cou-
pling and synchronous Wring of single wrist extensor motor
units in sporadic amyotrophic lateral sclerosis. Clin Neuro-
physiol 110:960–974

Semmler JG, Enoka RM (2000) Neural contributions to changes
in muscle strength. In: Zatsiorsky VM (ed) Biomechanics in
sport, vol IX. International Olympic Committee. Blackwell,
Malden, pp 3–20

Semmler JG, Nordstrom MA (1998) Motor unit discharge and
force tremor in skill- and strength-trained individuals. Exp
Brain Res 119:27–38

Semmler JG, Nordstrom MA (1999) A comparison of cross-corre-
lation and surface EMG techniques used to quantify motor
unit synchronization in humans. J Neurosci Methods 90:47–55

Semmler JG, Kornatz KW, Dinenno DV, Zhou S, Enoka RM
(2002) Motor unit synchronisation is enhanced during slow
lengthening contractions of a hand muscle. J Physiol
545:681–695

Semmler JG, Sale MV, Meyer FG, Nordstrom MA (2004) Motor-
unit coherence and its relation with synchrony are inXuenced
by training. J Neurophysiol 92:3320–3331

Semmler JG, Sale MV, Kidgell DJ (2006) Motor unit synchroni-
zation measured by cross-correlation is not increased with
strength training of a hand muscle. Proc Int Australas Winter
Conf Brain Res 24:2.4

Van Cutsem M, Duchateau J, Hainaut K (1998) Changes in single
motor unit behaviour contribute to the increase in contrac-
tion speed after dynamic training in humans. J Physiol
513:295–305

Yao W, Fuglevand RJ, Enoka RM (2000) Motor-unit synchroni-
zation increases EMG amplitude and decreases force steadi-
ness of simulated contractions. J Neurophysiol 83:441–452

Yue G, Fuglevand AJ, Nordstrom MA, Enoka RM (1995) Limi-
tations of the surface electromyography technique for esti-
mating motor unit synchronization. Biol Cybern 73:223–233

Ziemann U, Muellbacher W, Hallett M, Cohen LG (2001)
Modulation of practice-dependent plasticity in human motor
cortex. Brain 124:1171–1181
123


	Motor unit synchronization measured by cross-correlation is not inXuenced by short-term strength training of a hand muscle
	Abstract
	Introduction
	Methods
	Experimental arrangement
	Experimental procedures
	Analysis

	Results
	Discussion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


