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bstract

The present study investigated the influence of a bilateral exhaustive exercise on the stability of bimanual anti-phase coordination pattern and
ttentional demands. Eight subjects performed the anti-phase coordination pattern in two sessions: an Exhausting Session and a Control Session.
uring the Exhausting Session, subjects performed the bimanual coordination after exhaustion of forearms muscles (i.e. endurance time test). For

he Control Session, no endurance time test was previously designed before the performance of anti-phase coordination. Within these experimental
essions, two levels of load (loaded and unload) and two frequencies (1.75 and 2.25 Hz) were also manipulated during the bimanual task. Attentional

emands associated with performing the anti-phase coordination pattern was measured via a probe reaction time task (RT). The results showed that
elative phase variability was higher for the fastest frequency after the exhaustive exercise. Moreover, as a result of the previous muscle exercise,
he observed phase coupling was less accurate. No significant effect was found concerning the attentional demands as assessed through RT. The
resent findings suggest that the muscle exhaustion affects bimanual performance at a more peripheral level.
 2007 Elsevier Ireland Ltd. All rights reserved.
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any studies suggested that the emergence of preferred biman-
al coordination patterns results in a coalition of different
onstraints residing at the multiple levels of the motor system
19,24]. It is however widely recognized that among the influ-
ntial constraints neuromuscular factors play a prominent role
2,6,7]. The present experiment addressed the role of neuro-
uscular constraints by investigating the effect of an exhausting

ilateral muscle exercise on the stability of a bimanual anti-phase
oordination mode and on attentional demands.

In bimanual coordination performed in the transverse plane
f motion, there is considerable evidence that the coupling
etween the limbs is strongly influenced by neuromuscular fac-
ors. Specifically, patterns of bimanual coordination in which
omologous muscles are simultaneously activated (in-phase)

re more stable than those in which homologous muscles are
ngaged in an alternating fashion (anti-phase) [12]. This so-
alled “homologous coupling principle” [21] is supported by
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echanisms of crossed interaction between central efferent out-
ut at different levels of motor pathways [3,6]. Other muscular
actors such as force production capabilities of muscles engaged
n the task are also involved in bimanual pattern stability. For
nstance, it has been showed that an increase of the muscular
orce capacity following resistance training enhanced the stabil-
ty of sensory motor coordination [4]. Peripheral neuromuscular
s well as central adaptations may account for this phenomenon
5]. Riek’s findings [18] supported the hypothesis that the loss of
hythmic unimanual movement’s stability resulting from a vis-
ous loading condition involved complex interactions between
he effects of muscular peripheral and neural/central activity
22].

Muscle fatigue defined as “any exercise-induced reduction in
he capacity to generate force or power output” [26] is known
o result (i) in alterations of the neuromuscular characteristics
f the limb effectors and (ii) in an impairment of behavioural

erformance (temporal coordination between velocities of limb
egments; see for details [9]) In this context, several studies have
ested the effect of a localized muscle fatigue on the attentional
emands associated with the voluntary control of movement
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n different motor tasks. These studies suggested that muscle
atigue increased the associated attentional cost (e.g. [9,27]).
owever, even if some studies support the hypothesis that fatigue

ffects high-level cognitive processes (e.g. [14]), the question
emains whether these alterations have their origins in the central
nd/or in a more peripheral level. Recent studies have investi-
ated the influence of trial duration (300 s) [16] and resistance
o motion [17] on the stability of bimanual coordination patterns
nd simultaneous probe reaction times. The results demonstrated
hat the progressive degradation in the motor task was not paral-
eled by an increase in attentional demands. The observed drop in
erformance with time-on-task was then hypothesized to result
rom muscle fatigue rather than from a depletion in attentional
esources [16,17]. Thus, in the present study, to further investi-
ate this hypothesis, attentional demands (assessed in a double
ask design), reflecting the central cost associated with the per-
ormance of pattern coordination [24], was assessed as a function
f the motor fatigue. More specifically, we tested the influence of
n exhausting fatigue protocol on a bimanual anti-phase coor-
ination and on the concomitant attentional cost (RT) in two
oad conditions, loaded and unload. If a contribution of central
rocesses is involved in the loss of pattern stability because of
uscle fatigue, a concomitant increase of attentional demands

hould be observed particularly in the loaded condition.
Eight healthy right-handed male volunteers (aged from 19 to

2 years old), presenting no motor or perceptual deficits, partic-
pated in this experiment. They had no previous experience with
he experimental bimanual task and were clearly informed the
urpose of the study before their written consents were obtained.
his study was conducted according to the Helsinki Statement

1964). Participants had to execute periodic forearm pronation-
upination movements while responding simultaneously as fast
s possible to auditory signals (100 ms at 450 Hz) by releasing
switch placed under their right heel (sampling at 1000 Hz).
eaction time was considered as the time elapsed between the
pparition of the signal and the releasing onset of the switch,
nd was recorded via a specific computer program. Seated
articipants had to execute an anti-phase coordination pattern
180◦ of relative phase) in which non-homologous muscles were
imultaneously activated, by manipulating a pair of customized
oysticks. The resisting load acting against oscillatory move-

ents was manipulated by means of two rotary pneumatic jacks
Festo (Bry sur Marne, France), DSR-40-180-P). Moreover, tar-
et marks (placed at 45◦ from the vertical joystick position) were
rovided for setting movement amplitude of 90◦ for a half cycle.
he participants were instructed to attain these target marks by
oving the joysticks. The output signals of the potentiometers

Radiospares (Beauvais, France), 10-k� resistance and 15% lin-
arity) connected to joysticks signals were sampled at 128 Hz.
scillation frequency was imposed by an auditory metronome

200 ms at 1900 Hz).
After practise trials to bimanual task (four 1-min in-phase

rials and four 1-min anti-phase trials at 1 Hz of frequency) and

imple discrete RT task (20 s trials), subjects took part in two
xperimental sessions (see Fig. 1): an Exhausting Session (ES)
nd a Control Session (CS). Each session was composed of either
n endurance time test (T1ES) or a control task (CT) followed by

d
c
t
n

ig. 1. Experimental design for the Exhausting Session (ES) and the Control
ession (CS) (T1ES or T2ES: endurance time test; CT: control task).

bimanual coordination task and an endurance time test (T2ES
r T2CS). T1ES aimed to induce peripheral fatigue specifically
ocalized to the bimanual limbs. The volunteers had to produce
onstant oscillations with both hands in a symmetrical fashion
in-phase mode) in a loaded condition while following a 1.5 Hz
requency. They were instructed and encouraged to respect the
requency and to cover the required amplitude (90◦ for each half
ycle) as long as possible. Such endurance time test is assumed
o induce fatigue whatever the underlying mechanisms [26].
he participants were considered as fatigued, when they were
nable to keep the required frequency or amplitude for at least
hree consecutive cycles. The control task consisted in produc-
ng in-phase movements, in the unloaded condition for 3 min.
his duration was approximately equivalent to that of endurance

imes previously estimated during pre-experimentations. Dur-
ng the experimental sessions, two load conditions (loaded and
nload) and two frequencies (1.75 and 2.25 Hz) were manipu-
ated. The order of experimental sessions (ES and CS) as well
s load and frequency conditions within the sessions was coun-
erbalanced between participants. Two trials were performed at
ach frequency level for each load condition. Hence an exper-
mental session was made up of eight anti-phase coordination
rials of 40 s. During a trial, the metronome was turned off after
he first 10 s in order to avoid interference between RT signals
nd metronome. Thus, only the remaining 30 s of the trials were
nalysed. Subjects were asked to give priority to the bimanual
ask without giving up the secondary RT task (e.g. [24]). In sum,
he participants performed anti-phase patterns while respond-
ng to auditory signals (50 ms) by releasing a foot-switch placed
nder their right heel that was sampled at 1000 Hz. RT was mea-
ured by the time elapsed between the signal and the onset of
eleasing of the switch. It was calculated by a specific computer
rogram and stored for further treatment. The inter-trial inter-
al varied randomly between 1 and 6 s. The position time series
ere filtered with a dual pass, second-order Butterworth filter,
ith a cut-off frequency of 10 Hz. For each movement cycle,

he position (x) and velocity (dx/dt) data were rescaled to the
nterval [−1, 1] for the calculation of point-estimates of relative
hase relation between limbs. A peak-picking algorithm was
sed to locate the reversal points of the movement. Cycle fre-
uency (in Hertz) was defined as the inverse of the time between
wo successive right reversals.

The dependent behavioural variables were (1) the stan-

ard deviation (S.D.) of the relative phase (an index of the
oordination stability), (2) the absolute difference between
he actual relative phase and the intended phasing coupling
amed the absolute constant error (ACE) (an index of subjects’
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the time to exhaustion (endurance time) [10,26]. In the present
study, the analysis of the endurance times showed a significant
drop of 24.7% in performance from T1 to T2 , providing
6 A. Murian et al. / Neuros

ccuracy related to the required 180◦ of relative phase), (3) the
ifference between the intended frequency and the observed
requency (Diffq) and (4) the movement amplitude (AMP). The
wo lasts variables allowed examining whether task criterions
ere respected. For all these variables (as the average of the

wo trials), ANOVAs with repeated measures were carried out
ith session, load and frequency as within subject factors.
he attentional demand associated with the maintenance of
oordination was assessed via RT (ms). For each trial, the
inimum and the maximum RT as well as all RT values below

00 ms (considered as anticipated) were removed of the data
et. Considering all participants and all conditions, nine of 576
T (1.56%) were discarded because anticipated. All variables
ere then averaged for each 30-s period of a trial.
RTs were submitted to an ANOVA with repeated measures

ith session, load and frequency as factors. The statistical sig-
ificance was set at p < .05 and LSD comparisons were used for
ost hoc tests when significant effects were identified. In the
ollowing section, only the significant results are presented.

Paired Student t-test was used to evaluate differences between
he endurance time tests (T1ES, T2ES and T2CS). As expected,
2ES (101.44 ± 35.61 s) was found to be significantly shorter

han the T1ES (134.72 ± 63.82 s), evidencing the fatiguing influ-
nce of the first endurance time test on the subject’s capacity to
eproduce the same performance. This result is reinforced by
T2CS (135.94 ± 68.56 s) significantly longer than the T2ES.
oreover, no significant difference was found between T1ES

nd T2CS (p = .92).
The magnitude of the Diffq was small across all conditions

about .18 Hz on average) revealing that participants moved at
he required frequency. The analysis of variance failed to reveal
ignificant effects. Considering the movement amplitude (half
ycle), the analysis indicated that the AMP was shorter in the
oaded condition (177.09 ± 14.44◦) compared to the AMP in the
nloaded condition (208.38 ± 21.11◦) (F(1, 7) = 45.92, p < .001)
Fig. 2).

The analysis of the S.D. of relative phase revealed only a two-

ay interaction between session and frequency (F(1, 7) = 8.11,
< .05). The post hoc analysis showed that the variability of the
oordination in the Exhausting Session was higher than during
he Control Session, but only at the highest frequency (Fig. 3).

ig. 2. Movement amplitude as a function of the load condition (unloaded vs.
oaded).

F
E

ig. 3. Coordination variability (S.D. of relative phase) as a function of the
ession (Exhausting Session: ES; Control Session: CS) and the frequency (1.75
nd 2.25 Hz).

oncerning the accuracy, the analysis revealed only a main
ffect of session (F(1, 7) = 14.09, p < .01). The ACE was greater
uring the Exhausting Session (8.61 ± 6.43) compared to the
CE for the Control Session (6.41 ± 5.22) (Fig. 4). For the RT,
o significant difference was found, suggesting that all condi-
ions required similar attentional demand (effect of session: F(1,
) = .685, p = .435; load: (F(1, 7) = .123, p = .736; frequency:
F(1, 7) = 1.054, p = .339). For example, the RT values for the
xhausting Session (mean RT: 185,941 ± 38,329) were reliably
quivalent to the RT observed during the Control Session (mean
T: 179,711 ± 24,899) (effect size = .193).

The first aim of this study was to investigate the adaptation
f the neuro-musculo-skeletal system during a bimanual task
n response to fatigue induced by an exhausting bilateral move-
ent. Muscular fatigability is usually assessed by the magnitude

f the decline in force production capacity (i.e. fatigue) over
ES ES

ig. 4. Absolute constant error as a function of the session (Exhausting Session:
S; Control Session: CS) averaged across all subjects.
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nformation on changes in capacity to generate force or power
ecause of prior exercise. This observed incapability of partici-
ants to produce the “muscle force” required for maintaining the
iven target amplitude and driven frequency, as a notable index
f impaired muscle efficiency, is a prerequisite to discuss the
tability of bimanual coordination and the concomitant atten-
ional cost as a function of exhaustion. Moreover, it is worth
oting that these changes in the fatigue development cannot be
ttributed to the bimanual coordination trials as evidenced by the
ignificant difference between T2ES and T2CS and the absence
f difference between T1ES and T2CS (p = .92). Thus, the force
roduction involved to perform experimental bimanual task did
ot influence the level of muscular fatigability.

Analysis showed that the participants were able to follow
he requested frequency throughout the trials, in all experi-

ental conditions. A significant effect of load was observed
n movement amplitude: amplitude was shorter in the loaded
ondition than in the unloaded condition. This result suggests
hat both muscle fatigue and the level of force production influ-
nced bimanual movement kinematics [8,9]. Since participant’s
trategy was to reduce the movement amplitude in order to com-
ensate for the peripheral loading effects, the question then
rises whether such a decrease in movement amplitude may
ave change the difficulty of the task, allowing participants to
reserve pattern stability and the central cost (RT). According to
he results of previous comparable studies, it is however unlikely
hat the decrease in movement amplitude might be the prominent
ause of equivalent stability and central cost in the two condi-
ions of load. Indeed, it has been shown that gradually increasing

ovement frequency results in an increase in relative phase vari-
bility paralleled by a decrease in movement amplitude due to
he nature of non-linear oscillators involved in human biman-
al task [11]. Thus, decreasing movement amplitude did not
llow to maintain pattern stability. Moreover, it has been repeat-
dly shown that change in central cost (RT) was associated to
hange in pattern stability, irrespective of movement amplitude
see Monno et al. [15]). Taken together, these findings make our
esults interpretable. Indeed, if loading destabilized the bimanual
oordination pattern, one would observe an increase in relative
hase variability even when movement amplitude decreased.
hus, an increase in RT would also be observed, irrespective of
ovement amplitude (Monno et al. [15]).
The analysis of the relative phase variability revealed that the

nti-phase pattern was less stable after the specific exhausting
uscle exercise (T1ES) only at the highest frequency, suggest-

ng an additive effect of movement velocity and the previously
erformed muscle activity. A main effect of session was shown
n the accuracy of coordination (ACE) suggesting that bimanual
erformance decreased when the involved muscles were previ-
usly exhausted. Both results (S.D. of relative phase and ACE)
re consistent with those observed by Temprado et al. [22], who
howed the influence of neuromuscular factors (such as the iner-
ial loading of the end effectors) on alterations of the interlimb

oupling and consequently on bimanual performance. At a neu-
ophysiological level, possible, though speculative, explanation
ould be that fatigue increased contralateral motor irradiation

6] then leading to a greater difficulty to maintain the anti-phase
etters  432 (2008) 64–68 67

attern after the exhausting exercise. Besides, as a decline in con-
ralateral irradiation has also been observed after fatigue, inter-
sting insight has to be gained from further studying the relation
etween muscle fatigue and such contralateral interactions [28].

A second aim of the present study was to determine whether
his increase of instability was paralleled by a change in atten-
ional demands. The results reveal neither main effect nor
nteraction on the probe reaction time task. These results are
ot consistent with the findings that the attentional demands for
aintaining a stable discrete movement increase with fatigue

27]. Although it has been shown that the CNS participates for a
on-negligible part to voluntary force production [13] as well as
or the performance of preferred bimanual coordination modes
24], our results (similar to [22]) suggest that the fatigue-induced
nti-phase degradation may not involve allocation of supple-
entary attentional resources. The fact that exhaustion did not

ffect RT seems to stress different evolutions between the cen-
ral attentional activity and the peripheral muscular processes, as
reviously supported by studies on motor learning/control and
ttentional demands [16,23]. The increase of the anti-phase coor-
ination variability as a function of fatigue development seems
ot to be associated with an increase of the attentional cost, as
ssessed through a reaction time task, as if central and peripheral
ynamics with different adapting inertias could be emphasized.
eripheral neuromuscular constraints would primarily degrade

he coordination dynamics while the functional alterations asso-
iated with the central attentional cost would be effective later
n time.

In summary, the present findings (see also Ref. [16]) suggest
hat neuromuscular factors (i.e. muscular fatigue) have to be
aken into account in the exploration of bimanual coordination
ynamics. However, we did not observe any significant modifi-
ation of attentional cost as assessed via reaction time. In this
espect and according to recent studies demonstrating changes
n cortical activation after fatiguing protocols [1,25], impor-
ant insight would be gained from the observation of bimanual
erformance on longer time scales [16] as well as from the explo-
ation of relationship between neural activity, neuromuscular
nd behavioural dynamics [20].
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