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Abstract Motor unit (MU) synchronisation during iso-
metric force production in the precision grip was analy-
sed in five subjects performing a visually guided step-
tracking motor task with three different force levels.
With this aim multi-unit electromyographic (EMG) ac-
tivity of 14 intrinsic and extrinsic finger muscles from
15 experimental sessions was decomposed into the po-
tentials of single MUs. The behaviour of 62 intrinsic and
30 extrinsic MUs in the motor task was quantified. Most
MUSs displayed a positive correlation between firing rate
and grip force. Compared to MUs in extrinsic muscles,
intrinsic MUs had steeper regression lines with negative
intercepts indicating higher force sensitivity and higher
recruitment thresholds. A cross-correlation analysis was
performed for 69 intra- and 166 intermuscular MU pairs
while steady grip force was exerted at the three force
levels. Synchronisation, for at least one force level, was
found in 78% of the intra- and 45% of the intermuscular
pairs. The occurrence of synchronisation was not stable
over the force range tested. Factors influencing the fluc-
tuations in occurrence and strength of synchronisation
were investigated. Force increase was not paraleled by
increased synchronisation; in contrast, in most MU pairs,
especially intermuscular pairs, synchronisation occurred
preferentially at the lower force levels. The recruitment
threshold appeared to play a determining role in syn-
chronisation: the more similar the thresholds of two
MUs, the greater the probability of them being syn-
chronised at this force level. Synchronised MUs fired on
average at a lower frequency than non-synchronised
ones. Finally, synchronisation at the multi-unit EMG lev-
el does not indicate that all underlying MUs are syn-
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chronised, nor does the absence of temporal coupling at
the multi-unit level indicate that none of the MUs is syn-
chronised.
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Introduction

The precise control of the hand muscles contributing to
grip force, in particular to precision grip force, is a pre-
requisite for fine manipulative actions. The large number
of muscles impinging on the thumb and index finger
leads to an excess of the degrees of freedom of the mus-
culoskeletal system with regard to the controllable forces
and moments at the fingertips and thus represents a bio-
mechanically redundant system. Therefore, a desired
grip force can theoreticaly be generated by an infinite
number of muscular activation patterns. It has been put
forward that grouping several muscles or motor unit
(MU) pools together in a synergistic way might be a
mechanism of the central nervous system (CNS) to re-
duce and simplify this redundancy (for a review see
Gielen et al. 1995). A means by which this synergy
could be achieved is by time-locking the activation of
several muscles, muscle compartments, or MU pools. At
the MU level, time-locking would lead to the synchroni-
sation of MUs within muscles and between synergistical-
ly active muscles.

Indeed, it has been shown that synchronisation occurs
between MUs and MU populations more often than can
be expected by chance alone. Short-term synchronisation
has been uncovered in many different muscular systems
at the single MU and multi-unit EMG level: in the respi-
ratory system (Sears and Stagg 1976), in the trigeminal
system (Nordstrom et al. 1990; Turker et a. 1996;
Del ucaet a. 1993), in the trunk musculature (Carr et al.
1994), and in the upper and lower limb muscles (Dietz et
al. 1976; Datta and Stephens 1990; Datta et al. 1991,
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Table1 Overview of the mus-
cles with innervation and num-

ber of motor units analysed in
the present study (innervation
according to Feneis 1988)

Muscle Abbreviation Innervation No. of MUs
Thumb muscles

Abductor pollicis brevis AbPB Median 1
Abductor pallicislongus AbPL Radial 4
Adductor pollicis AdP Ulnar 18
Extensor pollicis brevis EPB Radial 6
Extensor pollicislongus EPL Radial 1
Flexor pollicis brevis FPB Median/ulnar 5
Flexor pollicis longus FPL Median 7
Opponens pollicis OPP Median 7
Index finger muscles

First dorsal interosseus 1DI Ulnar 16
First lumbricalis 1LUM Median 8
First palmar interosseus 1Pl Ulnar 7
Extensor digitorum communis EDC Radial 3
Flexor digitorum profundus FDP Median 4
Flexor digitorum superficialis FDS Median 5

Bremner et al. 1991b; Nordstrom et al. 1992; Schmied et
al. 1993; Maier and Hepp-Reymond 1995b). Notably,
Bremner et al. (19913, 1991b) demonstrated for a large
variety of hand and forearm muscles a very robust syn-
chronisation of MU activity with a narrow central peak
in the cross-correlograms in 88% of the pairs studied.

These results have mostly been gained in experiments
with visual and/or auditory feedback of at least one of
the activated MUs. In addition, in most cases only sim-
ple movements around one joint were investigated. We
thus wanted to investigate to what extent MU synchroni-
sation is present and robust in a more natural, behaviour-
al task in which the subjects are not aware of the motor
unit activity underlying force production, but only obtain
feedback of the grip force exerted between the tips of the
thumb and index finger. Furthermore, we wanted to find
out which MU characteristics could account for the rela-
tively small degree of temporal coupling and the fluctu-
ating and unstable muscle synergies demonstrated by
Maier and Hepp-Reymond (1995b) with multi-unit elec-
tromyography (EMG) during grip force.

The present analysis was performed on a selection of
the data presented and discussed by Maier and Hepp-
Reymond (19953, 1995b). We show that synchronisation
occurs during the production of force in the precision
grip in pairs of intra- and intermuscular MUs of the hand
muscles, preferentially in MU pairs with similar recruit-
ment levels and at forces just above recruitment, but
with a striking variability across the various levels of
force and muscle activation.

Materials and methods

This analysis is based on a subset of the data gained in the experi-
ments of Maier and Hepp-Reymond (1995a, 1995b) at the multi-
unit EMG level. The current sample was selected to obtain a max-
imal variety of muscle combinations. The muscles, their abbrevia-
tions and the quantity of MUs analysed in this paper are listed in
Table 1. The experimenta setup, task, EMG and force recording
procedures are identical to those described in these two papers.

In brief, five heathy subjects had to perform a visuomotor
step-tracking task by exerting isometric force on a transducer
which was held between the tips of thumb and index finger, and
by matching three consecutive target forces (1, 2 and 3 N, i.e. less
than 10% maximum voluntary contraction, MVC). In each trial
the whole sequence of required target forces was displayed on a
screen in front of the subject while the exerted force was repre-
sented as a running cursor. The EMG signals, recorded with bipo-
lar, intramuscular needle electrodes, and three force signals
(thumb, index and resultant total force) were stored on an FM tape
for later offline analysis.

Data acquisition and EMG decomposition

The data of one experimental session consisted of up to four multi-
unit EMG records (10 kHz sampling frequency/channel, 50 Hz
notch and anti-aliasing filtering at 3 kHz), and the resultant force
(40 Hz sampling frequency; gain: 1 V/N, 0.13 N resolution; range:
+5 N) acquired from 20 trials of 15 s duration. The limited time
and amplitude resolution of the force channel were determined by
the software and hardware configuration of the data acquisition
system and could not be adjusted. This system (ARTMUPR, Haas
and Meyer 1989) decomposed the EMG signalsinto the constituent
MU potentials (MUPs, see Fig. 1). The ARTMUP system of dis-
criminating MUPs within a multi-unit EMG signal is based on sev-
era phases. First, the algorithm detects segments of activity
(Fig. 1, top panel) in the multi-unit EMG where the signal exceeds
a background level of activity. These segments putatively contain
one or more MUPs. In the next phase the algorithm extracts tem-
plates for single MUPs from these segments by a nearest-neighbour
cluster analysis considering the following MUP features. maximal
positive amplitude, peak-to-peak amplitude, area, duration of an
active segment, maximal positive slope, maximal negative slope,
number of extremes. Finally, with the estimated mean repetition
rate, superimposed potentials are automatically decomposed by
subtracting and shifting the templates from the summed signal (for
details see Haas and Meyer 1989). The user can aso control and
interactively optimise the results of the program by checking the
interpotential interval histogram for plausibility and by subtracting
single potentials from overlapping potentials.

In the low force range used in this investigation (<10% MV C),
the ARTMUP system reliably detected up to four different poten-
tialsin one EMG channel (single electrode recording). In 18 chan-
nels one MU was discriminated, in 12 channels two MUs, in
14 channels three MUs and in two channels four MUs. Full de-
composition into the constituent MUs was achieved for 78% of a
total of 178,713 segments with valid data. For the remaining 22%
partial decomposition was achieved.
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The occurrence times of the MUPs were printed out in raster
form with the respective force traces, peri-response time histo-
gram and interpotential interval histogram (Fig. 2).

Data selection

For each tria three epochs of 3 s each, one per force level, were
automatically selected under the criterion of the smallest residual
error between applied force and target force. The transient force
steps from one level to the next were not used, since stationary da-
ta are a prerequisite for the cross-correlation method. The occur-
rence times of the MUPs and the mean grip force produced during
these epochs were extracted for further processing.

Motor unit behaviour

The contribution of the MUs to force control was estimated by
correlating the mean firing rate with the mean applied force of
each epoch. Scatter diagrams with a maximum of 60 data points

per experimental session (20 trials x 3 steps) were created for all
MUs, with the three data points of each trial connected to visualise
the stability of the firing rate/force relationship over the trials (see
Fig. 3A,B). For each MU a correlation and regression analysis be-
tween force and firing rate was performed. The values for the
slopes and y-axis intercepts of the forcef/firing rate regression lines
for the intrinsic and extrinsic MUs are summarised and displayed
in the cumulative plots of Fig. 3C,D. The single trial recruitment
level of the MUs was defined interactively as the lowest steady-
state force level, i.e. 1, 2 or 3 N, at which the MU activity was sta-
ble and regular. Subsequently, a single recruitment threshold was
calculated for each MU by averaging the single tria recruitment
levels. To classify the MU, this value, rounded-up, was taken as its
overall recruitment level, i.e. 1, 2 or 3 N.

Motor unit synchronisation

To detect the existence of synchronised discharge of MU pairs, a
cross-correlation analysis was performed for both intra- and inter-
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Fig. 2A-D Opponens MU ac-
tivity during 20 trials. ThisMU
was one of four others that
were discriminated within the

multi-unit EMG signal. A Ras- T T e

ter histogram of the MUP train.
The variability of recruitment
may be due to different con-
traction rates of the muscles .
since this parameter was not T
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B Force traces. C Peri-response
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dicates the point of alignment,
i.e. the onset of force increase
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muscular pairs on each force level separately and for a maximum
of 20 trials, provided that a minimal number of 200 MUPs/channel
was given. Thus a maximum of three cross-correlationssMU pair
could be obtained for further analysis. The cross-correlation was
calculated using Spike2 software (CED, Cambridge UK) on atime
interval of £100 ms with a bin width of 2 ms. Except for the choice
of the bin width and the calculation of the CUSUM baseline, we
used identical methods and criteria for evaluating cross-correlo-
grams as did Bremner et a. (1991a). To partly account for the high-
er variance of the cross-correlograms due to the relatively low
number of trigger spikes, a bin width of 2 ms was used. The
CUSUM baseline calculation was restricted to a short averaging
period of ~100 msin order to avoid boundary effects due to the rel-
atively short 3-s force holding period and to avoid contamination
by secondary peaks or by troughs after the peak. The search for
significant short-term synchronisation peaks was confined to atime
window of £20 ms around time-lag zero. A first baseline was de-
fined as the average amplitude at lag times —100 to —50 and +50 to
+100 ms. The peak was determined as that period in the cumulative
sum derivative (CUSUM, cf. Davey et a. 1986) where the largest
continuous inclination was found, i.e. between the two inflections
of the CUSUM. In a second iteration the baseline was recal culated

Time [s]

20 30 40 50
Freq [Hz]

U TE B I I SN IS BT S

using the bin values from —100 ms to the peak onset, thus avoiding
postspike troughs. The CUSUM and the peak were recalculated
with the new baseline. A peak was accepted when the CUSUM ex-
ceeded the significance limits based on the variance of either Pois-
son or stochastic point processes (3 times standard deviation of the
Poisson or stochastic point process, respectively), whichever was
smaller. The cross-correlogram and CUSUM are displayed together
with the significance limit (Fig. 4). To determine the synchronisat-
ion strength the peaks were quantified using two main indices: k or
relative peak amplitude (Sears and Stagg 1976) and k' or relative
peak area (Ellaway and Murthy 1985). In contrast to Vaughan and
Kirkwood (1997), the peak width was defined as the time period
between start and end of the inclination in the CUSUM, and not as
the half-width of the peak in the cross-correlogram.

The robustness of the CUSUM calculation for evaluating sig-
nificance of cross-correlogram peaks was demonstrated by
Bremner et a. (1991a) with segments of independent records of
100 trigger pulses each, i.e. half of the 200 spikes we specified as
minimum criterion: they showed a faulty estimation in less than
1% of the 360 cases.

Furthermore, the intermuscular MU cross-correlograms were
compared with the cross-correlograms of the corresponding multi-
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Fig. 3 Relationship between firing rate and force for one FPL MU
(A) and one AdP MU (B), and for populations of intrinsic and ex-
trinsic MUs (C,D). A The firing rate as a function of force for the
FPL MU shows a shallow slope and a high intercept, typical for
extrinsic MUs. B In contrast, the AdP MU has a steeper slope and
lower intercept, typical for intrinsic MUs. C Cumulative percent-
age calculated from the values of the slope of the force/firing rate
regression lines for 59 intrinsic (stippled lines) and 18 extrinsic
(continuous lines) MUs. About 50% of the extrinsic MU popula-
tion has a slope below 2 Hz/N in contrast to less than 20% of the
intrinsic MUs, indicating a generally steeper slope for intrinsic
MUs. D Cumulative percentage of the intercepts of the force/fir-
ing rate regression lines for intrinsic and extrinsic MUs. About
63% of intrinsic MUs show negative intercepts, indicating recruit-
ment during the increase of force, whereas most extrinsic MUs
have positive intercepts due to activity prior to 1 N

Fig. 4 Top Cross-correlogram of two AdP MUs on the 2-N level
with peak centred at time 0. Bottom Corresponding cumulative
sum derivative (CUSUM, heavy line) with confidence limits
(dashed lines) showing significant short-term synchronisation.
Same MUs as MU1 and MU2 of Fig. 1. The mean firing rates
were 10.1 and 11.0 impulses/s (ips), respectively. The number of
triggers contributing to the cross-correlogram is 559 for MU1 and
547 for MU2. Synchronisation index k: 3.00
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unit EMGs obtained from Maier and Hepp-Reymond (1995b). In
brief, cross-correlations between EMG activity of two muscles
were computed by multiplying the Fourier transform of the EMG
from one muscle by the complex conjugate of the other muscle's
Fourier transform of the EMG. This product was then inversely
transformed and summed over al trials of a single force level.
Muscle activity was considered synchronous if the size of the peak
exceeded four standard deviations of the total signal.

Results
Motor unit sample and behaviour

The data were gained in 15 experimental sessions from
five healthy subjects. The discrimination of the selected
multi-unit EMG signals yielded 92 MUs, 30 located in
extrinsic, 62 in intrinsic muscles.

Of the 92 MUs, 29 were tonically active aready at
the 1 N level, 42 MUs were recruited between 1 and 2 N,
and 21 MUs above 2 N. The mean firing rates varied be-
tween 5 and 14 Hz for the 1-3 N force range. The mean
firing rate at recruitment threshold was 8.6+1.9 Hz.

Four statistical values were compared to show the dif-
ferential contribution of extrinsic and intrinsic MUs to
grip force: the recruitment threshold, the correlation co-
efficient of the force/firing rate relationship, the slope
and the intercept of the corresponding regression analy-
sis. For the former two values all 92 MUs were taken in-
to account, for the latter two only the 77 significantly
and positively correlated MUs.

First, the mean recruitment threshold was 1.4+0.7 N
(range: 0.2-2.9 N). The recruitment thresholds were sig-
nificantly lower for the extrinsic MUs as compared to
the intrinsic ones (1.0£0.6 N, ng,=30 vs 1.6£0.7 N,
N =62, respectively; t-test, P<0.001).

Second, 77 MUs showed significant positive correla-
tion coefficients (18 extrinsic and 59 intrinsic MUS).
Significant negative correlations were found in three ex-
trinsic and one intrinsic MUs. The activity of 11 MUs,
nine extrinsic and two intrinsic MUs was unrelated to the
resultant grip force in the task. Further differences be-
tween intrinsic and extrinsic MUs were: (a) relatively
more MUs of intrinsic muscles displayed a significant
forcef/firing rate relation than extrinsic MUs (intrinsics:
60 out of 62, 97% vs extrinsics: 21 out of 30, 70%, X?2-
test, P<0.001); (b) the MUs of intrinsic muscles showed
a significantly better positive correlation than the extrin-
Sic MUs (r;: 0.68£0.17, n=59; r: 0.57+0.22, n=18; t-
test, P<0.05); (c) with regard to positive significant cor-
relations, the MUs of intrinsic muscles had a smaller
scatter in the force/firing rate relationship (variance 62 of
correlation coefficient r=0.028, n=59) in comparison to
the MUs of extrinsic muscles (variance 02: 0.049, n=18).
However, this difference was not significant (F-test,
P>0.05).

Third, the slopes of the regression lines for 77 posi-
tively correlated MUs varied between 0.5 and 6.0 Hz/N,
with an average of 3.3+1.5 Hz/N. The slopes of the in-
trinsic MUs were steeper (3.56 Hz/N vs 2.45 Hz/N)
when compared with the extrinsic ones (t-test, P<0.01,

n=77). The slope of the four negatively correlated MUs
had arange of —1.0 to —1.3 Hz/N.

Finaly, the y-axis intercepts of the intrinsic MUs
were more negative (-0.92 Hz vs 2.91 Hz) when com-
pared with the extrinsic ones (t-test, P<0.001, n=77).
Negative intercepts are indicative of recruitment at high-
er force levels within the investigated force range.

In Fig. 3, the two exemplary scatter diagrams and the
two cumulative plots of the slopes and intercepts, the lat-
ter originating from the significant positive force/firing
rate regression lines, highlight the differences between
the MUs in intrinsic and extrinsic muscles. Panel C (cu-
mulative plot of slope values) shows that the intrinsic
MUs have steeper slopes, i.e. the cumulative graph of the
intrinsic MUs is shifted more to the right compared to
the extrinsic one. Panel D demonstrates that the y-inter-
cept values for the intrinsic MUs are more negative. The
cumulative graph of the intrinsic MUs is, therefore,
shifted to the left in comparison to the extrinsic graph.

Motor unit synchronisation

To detect the synchronisation between two MUSs the re-
spective times of MUP occurrence were cross-correl ated.
Narrow peaks in the cross-correlograms around time ze-
ro, indicating synchronised activity, were found in the
majority of the cases.

Intermuscular motor unit synchronisation

Out of 328 possible MU pairs resulting from the 92 anal-
ysed MUs, 166 intermuscular pairs could be gained with
simultaneously active MUs. In 59 pairs the MUs were
coactive on one force level only, in 68 pairs on two lev-
elsand in 39 on all three levels, yielding 312 cross-cor-
relograms. Synchronisation was found on at least one
force level in 45% (75) of the MU pairs. 65 pairs on one,
nine pairs on two, and asingle pair on three levels, yield-
ing 86 cross-correlograms with significant synchronisat-
ion peaks. The mean and standard deviation of the
synchronisation strength was given by the indices k:
2.19+0.50, and K': 1.70+0.30 (n=86).

Intramuscular motor unit synchronisation

From atotal of 83 intramuscular MU pairs, 69 pairs were
accepted for further processing. In 22 pairs the MUs
were coactive on only one level, in 27 pairs on two lev-
els and in 20 on all three levels, yielding 136 cross-cor-
relograms. Fifty-four MU pairs (78%) showed signifi-
cant synchronisation on at least one force level. Among
these, only four pairs were synchronised on all three
force levels (2 AbPL, 1 AdP and 1 FPL pairs), 15 at two
and 35 at one level only, yielding 77 cross-correlograms
with significant synchronisation peaks. The mean and
standard deviation of the synchronisation strength was
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Intramuscular MUs (n=77)

and intermuscular (bottom)
pairs. About 50% of the intra-

muscular and 40% of the inter- 20
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given by the indices k: 2.49+0.88, and k': 1.81+0.46
(n=77).

Comparison of intra- and intermuscular synchronisation

The percentage of synchronised MU pairs was signifi-
cantly larger for the intramuscular pairs than for the in-
termuscular ones (intramuscular: 54 out of 69 vs inter-
muscular: 75 out of 166, x2-test, P<0.001). The syn-
chronisation strength was also significantly stronger for
the intramuscular pairs (t-test, P,<0.01; P,<0.05,
n=163). There was no significant difference in mean
peak width between intra- and intermuscular MU pairs
(7£4 vs 624 ms, t-test for means, Kolmogoroff-Smirn-
off-test for the distribution, Fig. 5). The median peak
width was 6 ms for both populations (see “Materias and
methods”’). There was no correlation between the num-
ber of spikes (geometrical mean of the two MUs in a
pair) and the peak width in the cross-correlograms
(r=0.081, P>0.05, n=163).

~
N
o
-

772
©
-
©
-

o~
iy
o
=

Peak Width [ms]

Factors influencing synchronisation

We attempted to elucidate some of the factors, such as
innervation, anatomical location, and mean recruitment
level, that could possibly influence MU synchronisation
in the present experimental situation.

Innervation and anatomical location

We first tested the hypothesis according to which the in-
nervation by the same nerve would increase the probabil-
ity of synchronisation in intermuscular MU pairs. The
pairs innervated by the same peripheral nerve had signif-
icant peaks in 45% of the 76 cross-correlograms. The
probability of synchronisation in pairs with different in-
nervation reached a similar percentage (46%, n=90).
Secondly, the intramuscular pairs, with both MUs be-
longing to either an intrinsic or an extrinsic muscle, were
more often synchronised than MUs in mixed intermuscu-
lar pairs (intrinsic: 37/45; extrinsic: 17/24; mixed: 20/58;
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Table 2 Occurrence and strength of synchronisation in al intra-
and intermuscular MU pairs grouped according to their location in
intrinsic or extrinsic muscles (top) and in thumb or index finger

muscles (bottom) (Sync. synchronised MU pair, *P<0.05, AN-
OVA, see text)

Intrinsic Mixed intrinsic/ Extrinsic pairs Thumb pairs Mixed thumb/ Index

pairs extrinsic pairs index finger pairs  finger pairs
Occurrence n Sync. % n Sync. % n Sync. % n Sync. % n Sync. % n Sync. %
Total 132 82 62 58 20 34 45 27 60 73 52 71 103 47 46 59 30 51
Strength
Index k 2.13+0.39 1.94+0.30 2.72+0.66* 2.36+0.71 2.11+0.35 2.20+0.56
Index K 1.70+0.28 1.54+0.18 1.94+0.35* 1.76+0.36 1.69+0.29 1.66+0.24

Fig. 6 Synchronisation at lev- 80%

els above recruitment (top) and
in function of the difference be-

tween the recruitment levels of
thetwo MUs in apair (bottom).

The synchronisation probabili-
24 p 40%

59/166

ty decreases as force increases
above recruitment (top). The
larger the difference between
the two recruitment levels, the
smaller isthe synchronisation
probability (bottom) (intramus-
cular pairsin grey, intermuscu-
lar pairsin dark columns)

0% -

80%

Synchronized MU Pairs [%)]

40% -

x2-test; P;,<0.001, P,,,<0.01). The intermuscular pairs,
with both MUs belonging to either an intrinsic or an ex-
trinsic muscle, were more often synchronised than the
mixed MU pairs (intrinsic: 45/87; extrinsic: 10/21;
mixed: 20/58; x2-test, P;.,<0.05, P, <0.05). When all
MU pairs (intra- and intermuscular) were analysed to-
gether, the synchronisation was significantly stronger in
the extrinsic than in the intrinsic or mixed MU pairs
(ANQOVA, P<0.05, Table 2).

Thirdly, intramuscular MU pairs in thumb muscles
had a higher probability of synchronising than intramus-
cular MU pairs of index finger muscles (thumb: 36/41,;
index: 18/28; x2-test, P<0.05). This was not the case for
intermuscular MU pairs (thumb: 16/32; index: 12/31; x2-
test, P>0.05). With respect to the synchronisation
strength, no further significant differences were found
between thumb and index finger MU pairs, neither for
intra- nor for intermuscular pairs. The data are summari-

Recruitment Level Difference [N]

sed in Table 2 with no distinction between intra- and in-
termuscular MU pairs.

Influence of recruitment level

The MU pairs were classified according to the recruit-
ment level of the MU with the higher level in the pair
(i.e. lowest level of stablefiring: 1, 2 or 3 N), and the oc-
currence of synchronisation was analysed with respect to
the force levels above this recruitment. A higher proba-
bility of synchronisation could be shown at the level
where recruitment occurred regardless of the absolute
force. Among the intramuscular pairs, synchrony was
mainly found at recruitment in 47 out of 69 pairs (68%)
or at one force level above recruitment (24 out of 47
pairs, 51%). Only 30% (6 of 20 pairs) were synchronised
at two levels above recruitment. The same trend was a so



observed for the intermuscular pairs. 36% (59/166) at re-
cruitment, 21% (23/107) and 10% (4/39) for two and
three force levels above recruitment, respectively
(Fig. 6). This finding was highly significant (x2-test,
P<0.01 for intra- and P<0.001 for intermuscular pairs).
Furthermore, we checked whether the difference be-
tween the recruitment level of the two MUs in a pair af-
fected synchronisation. The MU pairs were grouped into
three classes: pairs with no difference in recruitment lev-
el between their two MUs, and pairs with a difference of
one and two force levels. MUs with a similar recruitment
level were firing synchronously in 71% of intra- and
48% of intermuscular pairs (25/35 and 33/69 pairs, re-
spectively). Among the MU pairs with one force level
difference, 71% of intra- and 31% of intermuscular pairs
showed synchrony (20/28 and 21/68 pairs, respectively).
Finally, synchronisation occurred only in a minority of
pairs with a difference of two levels (33% of intra- and
17% of intermuscular pairs, i.e. 2/6 and 5/29 pairs). This
higher synchronisation probability with small differences
in recruitment level was, however, only significant for
the intermuscular pairs (x2-test, P<0.01, Fig. 6, bottom).

Stability of synchronisation

Synchronisation on all three force levels was observed
only in five out of 235 intra- and intermuscular MU
pairs, and only 24 pairs showed synchronous firing on
two force levels.

The two variables that determine the overall MU be-
haviour in force production are recruitment and rate cod-
ing. If, as suggested by our data, the recruitment level is
a determining factor in synchronisation, we can make
two predictions that should account for the instability in
synchronisation over the force range tested. First, be-

Table 3 Occurrence of synchronisation in 93 MU pairs (intra- and
intermuscular) with activity on at least two levels grouped accord-
ing to their distribution in the four classes low, high, stable and al-
ternating, as explained in the text
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cause most MUs were recruited at low forces, synchroni-
sation should occur preferentially at low force levels
with, as a consequence, a loss of synchrony at higher
forces and higher firing rates. Secondly, synchronised
MU pairs should generally display lower firing rates than
non-synchronised ones.

These two predictions could indeed be confirmed. To
analyse the relationship between exerted force and syn-
chronisation stability, only those MU pairs with both
MUSs activated on at least two force levels were taken into
account (93 intra- and intermuscular MU pairs). The MU
pairs were grouped into four mutually exclusive classes:
low, high, stable, alternating (Table 3). The “low” class
contained the MU pairs that were synchronised only on
the lower force level but not on the higher ones. For the
class of “high” pairs, synchronisation was observable on
the higher force levels only. A pair was assigned to the
“stable” class, when synchronisation was seen on al
force levels (two or three, depending on the MU recruit-
ment level), while “aternating” denoted those pairs that
showed occurrence, disappearance and resurgence again
of significant synchronisation, or vice versa, on the three
force levels respectively. Figure 7 displays two pairs of
MUSs that are synchronised on all three force levels (“sta-
ble”). In example A synchronisation is becoming stronger
with force increase, while the opposite is the case for ex-
ample B; nevertheless both show a“stable” occurrence of
synchronisation. According to prediction 1, the majority
of the MU pairs (71/93, 76%) was not synchronised on
all force levels tested (Table 3). Of these 71 MU pairs, a
significant mgjority fell into the “low” category, indicat-
ing a preference for synchronisation at low force levels
(46/71, 65%, X?2-test, P<0.05). The strength of synchroni-
sation did not increase systematically with force.

Guided by prediction 2, we also investigated whether
the firing rates of the synchronised and non-synchroni-
sed MU pairs differed. The MUs in the synchronised in-
tra- and intermuscular pairs fired at the respective force
levels on average at a lower rate than non-synchronised
ones (ANOVA, linear contrasts according to Scheffé,
P<0.001, Table 4).

Relationship to multi-unit muscle synergies

As the multi-unit EMG represents the spatial integral of
the underlying MU activity, a considerable overlap be-
tween the synchronisation at both the multi-unit and sin-

Synchronised MU pairs Non-synchronised MU pairs

n Firing frequency (Hz) n Firing frequency (Hz)

n Low High  Stable  Alternating

Intramuscular 39 17* 6 15 1**
Intermuscul ar 54  29%** 11 7 7
Total 93 4e*** 17 22 g+
*P<0.05, **P<0.01, ***P<0.001; F-test
Table 4 Firing frequencies of
synchronised and non-syn- Force level
chronised MU pairs (aver- N
agetstandard deviation). The
firing frequencies of the syn-
chronised MU pairsare lower ~ Intermuscular 1
than those of the non-syn- 2
chronised ones (ANOVA, 3
P<0.001) Intramuscul ar 1

2

3

26 6.87+1.97 58  7.90+2.48
64 8.14+2.37 150  9.27+2.00
82 9.43+1.77 244 10.10+1.97
26 8.51+0.96 14 9.34+1.18
56 9.45+1.54 38 10.41+1.41
72 10.03+1.96 66 10.92+1.84
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Fig. 7A,B Synchronisation of
two MU pairs at al three force
levels. In A the temporal cou-
pling of an intramuscular FPL
pair increases with force. Syn-
chronisation indices for the
three levels: k) 2.08, Ky 2.02,
kay 2.71. In B for an intermus-
cular 1DI/1PI pair the syn- 10
chronisation is stronger at the

lower two force levels. Indices 0
for the three levels: kyy 2.27,
Koy 2.34, kg 1.55
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gle MU level was expected. This assumption was tested
at each force level separately.

We first compared the temporal coupling of the con-
stituent intermuscular MU pairs with that found for the
multi-unit EMG by Maier and Hepp-Reymond (1995b).
The first important observation was that temporal cou-
pling at the multi-unit EMG level did not require the
synchronisation of the ensemble of underlying MUs. In
the 45 muscle pairs displaying significant temporal cou-
pling, only five muscle pairs showed synchronisation for
al the discriminated MUs. Nineteen muscle pairs had
only partial MU synchronisation. Figure 8 shows an ex-

0.1 0.0 0.1

(;.0 0.1
Time [s]

ample of an MU pair with synchronisation at the 1 N
level only, while the multi-unit EMG from which the
MUs were extracted displayed synchrony on al three
force levels. Thus, either one MU pair with strong syn-
chronisation or the weaker synchrony of severa MU
pairs can lead to the short-term temporal coupling de-
tected at the multi-unit EMG level.

We then investigated to what extent MU synchroni-
sation could generally be seen at the multi-unit EMG
level. Only 55% of the 86 muscle pairs containing syn-
chronised MUs showed significant synchronisation
peaks in the multi-unit EMG. This seems to indicate that
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Fig. 8 Comparison of syn- A B
chronisation at the single unit
(A) and multi-unit EMG (B)
level for an FDS-OPP pair. The 30 1 N level
two MUsused in A were ex- 6+
tracted from the multi-unit
EMG signals of the FDS and
OPP muscles, respectively. The
synchronisation of the MU pair 34
isonly significant at the 1-N
level, while multi-unit syn-
chronisation is present at all
three levels, reaching a maxi- 0 — N ~
mum at 2 N {
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the specific contribution of the synchronised MUs was
quite low in comparison to other non-synchronised MUs
dominating the integrative EMG signal. A further clear
finding was that the synchronisation strength of MU
pairs was significantly higher when the multi-unit EMG
of both muscles was aso synchronised (one-sided t-test,
P<0.05 for index k, P<0.01 for index k).

Discussion

In the present study we investigated the synchronisation
of the MUs of several thumb and index finger muscles
participating in the production of force in the precision
grip. Temporal coupling of MUs belonging to different
motoneuronal pools may be a possible strategy for con-
trolling the intricate and interdependent biomechanical
system of the hand (Gielen et al. 1995). Two central is-
sues were addressed: first, the extent to which MU syn-

chronisation occurs in a natural motor behaviour, com-
pared to the rather artificial tasks used by other investi-
gators, and, second, the role of the main task variable,
i.e. force, in the occurrence of synchronisation. The in-
fluence of MU firing rate and recruitment level on the
extent and variability of synchronisation was tested by
systematically varying the grip force. Synchronisation
was detected in avariety of intra- and intermuscular MU
combinations, its occurrence being lower for the latter
pairs. The most interesting and new observation was that
the recruitment level and the low firing rates at these
force levels emerged as favourable factors for the occur-
rence of synchronisation. This may explain why syn-
chronisation on all three force levels required by the task
was so rare, and its strength so variable in comparison to
previous studies on MU synchronisation.
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Motor unit detection software

Based on the results of the templates, on the interpoten-
tial interval histograms and on the rate coding in the mo-
tor task (Figs. 1, 2, 3), we are confident that the ART-
MUP system (Haas and Meyer 1989) produced valid
MU discrimination data. MU potentials could be traced
over longer periods of time (20 15-s trials with rest peri-
ods of about 10 s between trials), even though the tem-
plates had to be regenerated anew for each trial due to
limited computer storage capacity. The authors of ART-
MUP claimed a 95% discrimination rate of their algo-
rithm with several synthetic benchmark tests (Haas
1989). Our findings based on physiological data yielded
78% with full and 22% with partial discrimination. In
partialy discriminated segments at least one MU spike
was discriminated.

Motor unit behaviour

The vast majority of MUs (77/92) showed a significant
positive correlation between their firing rate and the grip
force. This speaks in favour of a broad pattern of muscle
coactivation in the precision grip, with only a few mus-
cles involved in stiffness or postural control of wrist
and/or finger joints. Within individual finger muscles the
MU behaviour was not always homogeneous. While a
large majority of intrinsic muscles usually contained
MUs with highly significant positive correlations be-
tween firing rate and force, other MU populations, main-
ly in extrinsic muscles, displayed weaker correlations
with alarge variance. In the force range investigated, the
MUs of intrinsic muscles also had a considerably higher
force sensitivity than those of extrinsic muscles. On the
whole, the results obtained on the MU level, namely the
more important contribution of the intrinsic finger MUs
to the fine regulation of isometric grip force, support the
findings of the previous multi-unit analysis (Maier and
Hepp-Reymond 1995a). The possible influence of fa-
tigue (Bigland-Ritchie et a. 1986) was controlled and
found to be of minor importance. The discharge rate in
the 20 consecutive trials of one experimental session sig-
nificantly increased in 9 of 92 MUs, while insignificant
rate change was seen in the majority (67 MUs). In 16
MUs the firing frequency significantly decreased; how-
ever, whether this can be attributed to fatigue or a change
in strategy remains open.

Motor unit synergy

If muscle synergy is a means for the CNS to coordinate
muscle activation, then this should manifest itself in
short-term synchronisation within and between the large
MU pools during our task which required a high level of
muscle coordination. We based our analysis mainly on
the occurrence rather than the strength of synchronisat-
ion since the commonly used synchronisation indices

seem to be frequency dependent (Nordstrom et al. 1992;
Matthews 1996). According to Vaughan and Kirkwood
(1997), the peak width in cross-correlograms of syn-
chronised MUs can give some indication of the underly-
ing synaptic connectivity. In our findings, the presence
of narrow peaks in 50% of the cases — less than 5-6 ms
measured at the base of the peak (which compares to ap-
proximately 2.5 ms haf-width of Vaughan and Kirk-
wood 1997) — indeed speaks in favour of monosynaptic
short-term motoneurone synchrony mediated by last-or-
der branched axons. However, broader intra- and inter-
muscular peaks also indicate the existence of di- or oli-
gosynaptic divergence at a hon-premotoneuronal, proba-
bly spinal or even cortical level. It has to be noted, how-
ever, that the peak widths we report here are narrower
than most of those reported in the literature [e.qg.
Bremner et al. (1991a) mode 13 ms, Schmied et al.
(1994) mean 8.5 ms]. However, Nordstrom et al. (1990)
reported 3-ms peak widths for masseter MU pairs. More-
over, our distribution of peak widths is skewed, contrary
to most others.

It may be possible that the narrower peaks are due to
the low signal-to-noise ratio in our data. We think that
the present data set, though based on relatively few trig-
gers, does have a sufficient robustness in terms of occur-
rence (see “Materials and methods’), but may be at the
limits for detecting finer details such as peak width. In
particular, two methodological aspects may lead to nar-
rower peaks. the shorter period for calculating the CU-
SUM baseline, and the criterion of monotonic growth of
the CUSUM for establishing the width. These aspects
could account for the skewed distribution. However,
there was no significant correlation between numbers of
spikes and peak width, i.e. within our sample the peak
width was independent of the spike count. Nevertheless,
consistent with Bremner et a. (1991a), we did not find
any difference in peak width for the differently innervat-
ed intermuscular MU pairs.

MU synchronisation was found in 78% of intra- and
in 45% of intermuscular pairs. These results are, com-
pared to other studies, well within the range for intra-
muscular pairs but are at the lower boundary for inter-
muscular ones (Table 5). Several factors may account for
the differences with these studies: first, the motor task
and the experimental paradigm, second, the feedback
condition, third, the firing rates and forces, and, finaly,
the recruitment level.

First, in most studies the subjects were asked to con-
tinuously exert weak torque around one joint over sever-
al minutes without modulation of joint torque or MU fir-
ing rate. In our paradigm, in contrast, the subjects had to
follow a ramp-and-hold force trajectory repeatedly be-
tween 0 and 3 N by applying force on a transducer held
between thumb and index finger, thereby recruiting the
discriminated MUs in each trial. Another non-negligible
factor is the type of muscle activation pattern investigat-
ed. While in our experimental setup the subjects were
asked to exert isometric force in the precision grip, i.e.
with alarge number of coactive muscles, other investiga-



Table 5 Prevalence of single motor unit synchronisation as de-
scribed by several authors. This overview shows the wide range of
synchronisation in the various studies (TA tibialis anterior, DELT
deltoid muscle, ECR extensor carpi radialis, ECU extensor carpi
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ulnaris, is. & aud. visual and auditory feedback of motor unit,
IAM, IRM intra- and intermuscular motor unit pair, respectively,
Dom.,N-dom. dominant and non-dominant hand, intr. & extr. in-
trinsic and extrinsic finger muscles)

Authors Muscles Degree of Feedback Firing rate, IAM/IRM Comment
synchronisation force (n)
Bremner et a. 1991a 1DI, 2DI 67-100% Vis. & aud. ~10Hz 1AM Table 1:
classA-C
4DI, EPB, 68-77% IRM ClassD
EDC, FDS
Datta and Stephens 1990 1DI 88% Vis. & aud. ~10 Hz 1AM -
Deluca and Mambrito 1987 FPL, EPL Not quantified Force <60% MVC IAM/IRM -
Del ucaet al. 1993 TA 54% Force 30% MVC 1AM -
Delt 45%
1DI 71%
ECU 74%
ECR 69%
Logigian et al. 1988 ECR 68% Not specified  Not specified 1AM Tremor
Milner-Brown et a. 1973 1DI 100% Vis. & aud. 5-10 Hz 1AM One subject 100%,
the other 0%
0%
Nordstrom et al. 1992 1DI - Vis. & aud. 7.5-17.5Hz 1AM -
Schmied et al. 1993 EDC 70% Vis. & aud. Regular 1AM -
Schmied et a. 1994 ECR 88% Vis. & aud. Not specified |IAM Dom.
69% N-dom.
Semmler and Nordstrom 1995 1Dl 51% Vis. & aud. Constant rate 1AM Dom.
81% N-dom.
Present study 15intr. & 78% Force 1,2,3N 1AM
extr. finger
muscles
45% IRM

tors generally restricted their task to isometric contrac-
tion of alimited number of synergist muscles at one joint
(Bremner et a. 1991a, 1991b, 1991c; Datta and Stephens
1990; Milner-Brown et al. 1973; Nordstrom et al. 1992).
Moreover, coactivation of different muscles has rarely
been investigated (Bremner et al. 1991a; Deluca and
Mambrito 1987).

Second, the type of feedback signal presented to the
subjects during performance of the tasks varied consider-
ably among studies. In the majority of cases, visual
and/or auditory feedback of the MU activity was the rule
whereas in our experiments only the total exerted grip
force was presented to the subjects. Thus, the results in
most other studies may have been biased by the feedback
of the MU discharge, as demonstrated by Schmied et al.
(1993), who showed that the level of synchronisation
could voluntarily be changed by giving an appropriate
feedback.

Third, the occurrence of short-term synchronisation
should statistically increase with increasing discharge rate
of the MUs as the cortical drive — a putative main source
for synchronisation (Datta et al. 1991; Farmer et a. 1993)
— also increases with higher forces (Fetz et al. 1989).
Therefore, we expected to find more short-term syn-

chronisation at higher force levels. However, the main
present result is that MU synchronisation occurs predom-
inantly at lower force, just at or after recruitment. This
suggests that the large number of central and peripheral
afferent inputs to the motoneuronal pools at higher force
decreases the influence of any particular synchronising
presynaptic source; in other words the ratio of synchroni-
sing vs non-synchronising input is getting smaller. In par-
ticular, the synchronising input delivered by the cortico-
motoneuronal system may reach the limit of its working
range and saturate earlier than other non-synchronising
inputs. Indeed, severa investigators have already men-
tioned the higher degree of MU synchronisation at low
activation levels (Dietz et a. 1976; Nordstrom et al.
1992; Matthews 1996). Moreover, in the present investi-
gation synchronisation is rarely stable over the whole in-
vestigated force range. In fact, synchronous firing on all
active force levels occursin only 7 of 166 inter- and in 15
of 69 intramuscular pairs (Table 3). If synchronisation
arises preferentially in the lowest range of the MU firing
frequency, then the increase in firing rate with higher
forces, due to rate coding, may well be the cause of the
less frequent and unstable synchronisation observed at
higher forces. Similarly, Schmied et a. (1994) showed
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that the smaller the difference between MU firing rates
the greater the degree of synchronisation. In several of
the experiments performed by other groups, the low fir-
ing rates required (usualy about 10 Hz, i.e. close to re-
cruitment level) may, as our results suggest, be a central
factor giving rise to synchronisation.

Finally, the main observation of the present investiga-
tion, i.e. the fact that the highest probability of synchroni-
sation occurs just at the force level above recruitment, is
in contradiction with DeLucaet a. (1993), who concluded
that the MU recruitment threshold had no influence on
synchronisation. However, they had tested MU pairs for
synchronisation at 30% MVC and not at the level of re-
cruitment as we did. We, in addition, could demonstrate
that the difference between the recruitment levels of the
two MUs in a pair definitely plays a role in synchronisat-
ion. The closer the two levels are, the higher is the proba-
bility of synchronising. This may be a reflection of the
fact that the contribution of any excitatory postsynaptic
potential, whether synchronous or not, to the precise tim-
ing of motoneurone firing is strongest close to recruitment
threshold. This finding which suggests that MUs with
similar force ranges share a common input is in line with
Datta and Stephens (1990) who, for 1DI MUs, had come
to the conclusion that the synchronisation strength was in-
versely related to differences in recruitment threshold.

Relationship between temporal coupling
of motor units and of multi-unit EMG

The differences between synergistic activation of single
MUs in this study and the corresponding multi-unit activi-
ty (Maier and Hepp-Reymond 1995b) are to a certain ex-
tent due to the selection of MUs. Since our analysis was
based on discrete digital data due to the MU discrimina-
tion process, we could extract only part of the spectrd
richness of the multi-unit EMG. Therefore, it is not sur-
prising that the results of the two analyses do not overlap
to 100%. The essence of this comparison is that usually
only part of the constituent MU population is temporally
coupled in an otherwise fully synchronised muscle. At
least for intramuscular pairs, this may be surprising in
view of the fact that corticomotoneurona cell axons
branch to most if not all motoneurones in a pool (Porter
and Lemon 1993). However, since the same pool receives
input from many, not necessarily synchronised, cortico-
motoneuronal cells, as well as asynchronous input from
other sources, it seems likely that only parts of the constit-
uent MUs are synchronised. In consequence, depending
on the ratio between asynchronous and synchronous con-
tribution of underlying MUs, not every MU synchroni sat-
ion could be detected at the multi-unit EMG level.

Functional relevance of synchronisation

What is the functional importance of synchronisation?
We have shown that synchronisation occurs to various

degrees in pairs of MUs of different hand muscles and
within the same muscle. However, except for the time of
recruitment, where it is most robust, synchronisation is
dispersed over time during the task execution in a seem-
ingly sparse and arbitrary manner. It has to be kept in
mind that too high a degree of synchronisation in a
motoneuronal pool can be detrimental and lead to insta-
bility and tremor (Freund 1983; Logigian et a. 1988). In
a natural task such as the precision grip, where syn-
chronisation might be used to reduce the complexity of
an overdetermined biomechanical system, we expected,
if this were the case, to find higher levels of synchrony.
Contrary to this expectation, we report, especialy in the
intermuscular MU pairs, not only less synchronisation
but also less stable synchronisation, when compared to
tasks with a single degree of freedom and optimised
feedback conditions. This result runs counter to the no-
tion that synergy, as expressed in MU synchrony, is a
means for the CNS to reduce an excess in degrees of
freedom. Two points need to be considered. First, our da-
ta indicate that synchrony depends in part on the MU
biomechanical properties, as shown in more detail by
Schmied et a. (1994). This means that synchrony has a
peripheral determinant. Second, the peak widths, al-
though on average smaller than in most other studies,
still suggest that inputs of last-order branched axons
(narrow peaks) as well as presynaptically synchronised
inputs (broader peaks) contribute to overall synchrony.
The relative contribution of these processes is unknown.
The anatomical last-order branching pattern is task-inde-
pendent and by necessity produces MU synchrony sim-
ply as a by-product of the divergent connections. In con-
trast, a functional, task-dependent synergy effectively
needs to be generated at the presynaptic level, e.g. by the
selection of the appropriate corticomotoneuronal pool.
Indeed, a 15 to 30 Hz coherence between oscillatory mo-
tor cortex activity and EMG has been demonstrated in
humans (Conway et a. 1995; Salenius et al. 1996) as
well as in monkeys (Baker et al. 1997). This coherence
showed a task-dependent modulation and was particul ar-
ly dominant during steady-state co-contraction in preci-
sion grip (Kilner et al. 1999), but was absent during tran-
sitions. Compatible with these observations, our data on
the instability of synchrony, despite a continuous de-
mand on control and an invariant performance, seem to
suggest that non-synchronous means of control exist.
Whether one mode of control predominates over the oth-
er in particular tasks, or whether they operate concur-
rently or are mutually exclusive, remains to be deter-
mined.
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