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Introduction

In spite of distinct neurophysiological properties subserv-
ing the processing of auditory, visual or tactile cues, our 
brain is remarkably able to bind together inputs from dif-
ferent sensory origin into a coherent percept. These neu-
ral operations, characterizing multisensory integration, 
are involved in the processing of a redundant cross-modal 
event, i.e., an environmental event captured through dif-
ferent sensory modalities (Stein and Stanford 2008; Driver 
and Noesselt 2008; Ernst and Bülthoff 2004).

Behavioral and neuronal facilitation has been reported 
when perceiving and reacting to cross-modal stimuli. 
Meredith and colleagues first showed increased neuronal 
responses of specific cells within the cat’s superior collicu-
lus, together with a facilitation of the cat’s orienting behav-
ior (Meredith and Stein 1986; Meredith et al. 1987). Since 
then, similar observations of improved reactive behaviors 
in response to cross-modal stimuli have been made for 
humans, e.g., shorter reaction time to external triggers or 
better detection of external events (Hughes et al. 1994; 
Frens et al. 1995; Diederich and Colonius 2004; Bell et al. 
2005; Murray et al. 2005). It has been argued that these 
multisensory benefits, or redundant signal effects (RSE), 
are constrained by three principles (see Holmes and Spence 
2005; Alais et al. 2010 for a discussion): the alignment of 
the unimodal stimuli in space (spatial rule—Meredith and 
Stein 1986, 1996; Kadunce et al. 1997), their alignment 
in time (temporal rule—Meredith et al. 1987; Miller and 
D’Esposito 2005), and the Inverse Effectiveness Principle 
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predicting that the multisensory benefit is inversely propor-
tional to the intensity of the unimodal stimuli (Stein and 
Meredith 1993; Wallace et al. 1996; Stanford et al. 2005; 
Perrault et al. 2005; Stein et al. 2009).

To date, however, it is largely unknown whether multi-
sensory integration can facilitate the continuous coordina-
tion of movements, and whether the same three principles 
apply. Only a few studies have investigated the advantage 
of multimodal cues when synchronizing a single joint 
movement with an external pacing (Lagarde and Kelso 
2006; Elliott et al. 2010) or when coordinating limb move-
ments (Ronsse et al. 2009; Lagarde et al. 2012; Zelic et al. 
2012). The present experiment addressed for the first time 
the conditions of the stabilization of coordination patterns 
by multisensory integration. We examined the extent to 
which a cross-modal metronome can further stabilize the 
anti-symmetric coordination of the finger movements when 
compared to its unimodal counterpart.

The patterning and breakdown of continuous rhythmic 
bimanual coordination has revealed that temporal stabil-
ity is a hallmark of efficient and healthy behavior (Kelso 
1995; Turvey 1990). Two patterns of coordination are natu-
rally stable: a symmetric (i.e., simultaneous flexion–exten-
sion of effectors) and an anti-symmetric one (i.e., flexion of 
one effector synchronized with the extension of the other). 
However, the less stable anti-symmetric pattern breaks 
down with increased movement’s rate and is spontaneously 
replaced by a symmetric coordination pattern (Kelso 1984; 
Swinnen 2002). Fundamental in our daily actions (How-
ard et al. 2009), the anti-symmetric coordination between 
the hands is the one systematically impaired with patholo-
gies of the nervous system (Byblow et al. 2000; Lewis and 
Byblow 2004; Steenbergen et al. 1996). Also particularly 
fragile to brain insult, be it by Parkinson syndrome or by 
experiencing a stroke, this coordination pattern can, how-
ever, benefit from the presentation of external cues to 
rhythm (Bernatzky et al. 2004; Bloem et al. 2004). Indeed, 
the synchronization of movements with unimodal metro-
nome presented in the environment can stabilize the anti-
symmetric coordination and maintain it at higher move-
ment rates. This is likely due to such rhythm providing 
anchoring to the movement flow (Byblow et al. 1994; Fink 
et al. 2000; Assisi et al. 2005).

The present study examined whether the synchroni-
zation with a cross-modal metronome can reinforce the 
intensity of such a stabilization effect on anti-symmetric 
coordination. The efficiency of multisensory integration 
processes is here addressed when perception and action 
have to continuously cooperate; this situation contrasts 
with reactive behaviors for which perception system-
atically precedes, or triggers, an action. In addition, brain 
imaging studies have shown that a large-scale reorganiza-
tion of brain activity underlies the competition between 

the anti-symmetric and symmetric patterns (Grefkes et al. 
2008; Meister et al. 2010; Liuzzi et al. 2011; Hinder 2011). 
This involves a modification of the inter-hemispheric cross-
talk between the sensorimotor cortices: when the mostly 
inhibitive cross-talk related to the anti-symmetric pattern 
fails, a less sophisticated cortical network involving facili-
tative inter-hemispheric exchange takes over, resulting in 
the behavioral switch to symmetric movements (Meyer-
Lindenberg et al. 2002; Aramaki et al. 2006; Barnejee et al. 
2012; Diedrichsen et al. 2013). Therefore, whereas faster 
reactive behaviors indicated the ability of multisensory 
brain mechanisms to speed up the perceptual processing 
of cross-modal stimuli, the multisensory stabilization of 
the anti-symmetric pattern of coordination would reflect 
the strengthening of the ongoing endogenous sensorimotor 
processes that support the anti-symmetric coordination.

In the present experiment, the task consisted in coordi-
nating anti-symmetrically the continuous flexion–exten-
sion of the right and left index while synchronizing with an 
external metronome. Three types of metronome were tested 
in unimodal (auditory or tactile beats) and cross-modal 
(coincident audio–tactile beats) pacing conditions.

Firstly, the recent identification of strong auditory–tac-
tile interactions in the brain, in particular at the level of 
the auditory cortex, makes the interaction between hear-
ing and touch a good candidate for investigating multisen-
sory mechanisms. Cortico-cortical connections (Cappe and 
Barone 2005; Hackett et al. 2007a; Smiley et al. 2007) and 
cortico-thalamo-cortical connections (Hackett et al. 2007b; 
Cappe et al. 2009) were identified in the macaque auditory 
cortex, as well as clusters of auditory–tactile neurons in the 
caudal belt of auditory association cortex (Schroeder et al. 
2001; Fu et al. 2003). There is less evidence of direct inter-
actions in the human brain between the auditory and tactile 
processing. However, the integration of auditory and tactile 
stimuli in the posterior regions of the superior temporal cor-
tex (Sperdin et al. 2009; Murray et al. 2005) shows that it is 
possible that auditory and tactile cues interact via anatom-
ical-linked pathways. Also at the neurophysiological scale, 
tactile stimuli have been shown to entrain a modulation 
of the neuronal activity in the auditory association cortex 
(Kayser et al. 2005) and even in the primary auditory cor-
tex (Kayser and Logothetis 2007). It is this entrainment that 
likely results in the increased neural responses observed 
for audio–tactile stimuli (Foxe et al. 2000; Schroeder et al. 
2001, 2003; Lakatos et al. 2007; Schroeder and Foxe 2004, 
2005; Foxe and Schroeder 2005). Finally, at the behavioral 
scale, numerous studies have identified benefits from audi-
tory–tactile interaction such as a facilitation in detecting 
external events (Murray et al. 2005; Zampini et al. 2007) or 
in tone perception (Schürmann et al. 2004; Gillmeister and 
Eimer 2007; Guest et al. 2002; Jousmäki and Hari 1998).
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Secondly, previous studies demonstrated that the inten-
sity of the stabilization of the anti-symmetric coordination 
pattern when synchronizing with an external metronome 
depends on the spatiotemporal configuration of the met-
ronome itself (Fink et al. 2000; Jirsa et al. 2000; Assisi 
et al. 2005). Therefore, we examined whether and how the 
multisensory benefit expected from cross-modal pacing 
was affected by the configuration in space and time of the 
metronome.

Three configurations of metronome were manipulated 
for which the intensity of the stabilization effect on the 
anti-symmetric coordination differs in unimodal pacing 
conditions. The metronomes and their relations to the anti-
symmetric pattern of coordination are presented in Fig. 1 of 
the “Method” section. The first two (Simple, Double) con-
sisted in a periodic repetition of bilateral beats, simultane-
ously on the left and on the right side of the participants. 
Whereas the Simple metronome provided one bilateral 
beat per movement cycle, the Double metronome consisted 
of two bilateral beats per movement cycle resulting in a 
stronger stabilization of the anti-symmetric coordination 
(Fink et al. 2000; Jirsa et al. 2000). The third metronome 
(Alternating) provided lateralized beats alternatively on the 
right and on the left side of the participant, and therefore 
directly matched the anti-symmetric pattern of movements. 
Such perceptuo-motor compatibility stabilizes coordination 
patterns (Zanone and Kelso 1992; Tuller and Kelso 1989) 
in a way akin to the resonance phenomenon explained by 
the forced-coupled oscillators theory of coordination (Jirsa 
et al. 2000; Schöner and Kelso 1988a, b). 

We predicted a multisensory enhancement whatever 
the configuration of the metronome, i.e., a stronger stabi-
lization of the anti-symmetric bimanual coordination with 
the cross-modal pacing in comparison with the unimodal 
(audio, tactile) pacing. Furthermore, assuming that the 

aforementioned principle of inverse effectiveness shown 
for reactive behaviors would extend to the class of coordi-
nated behaviors, we predicted that for each configuration 
of metronome, the amplitude of the multisensory benefit 
would be inversely proportional to the stability of the pat-
tern in unimodal (audio or tactile) pacing conditions.

Methods

Participants

Ten male students (26.1 ± 3.2 years old) from Montpel-
lier 1 University took part in our experiment. One was left 
handed. None declared abnormal hearing or touch, and 
all were naive to the purpose of the experiment. All par-
ticipants gave their written informed consent prior to their 
inclusion in this study that was approved by the institu-
tional review board and conformed to the 2013 World Med-
ical Association Declaration of Helsinki.

Apparatus

Index finger positions were recorded using electrogoniom-
eters (SG65 from Biometrics Ltd., ±2° accuracy, sampled 
at 200 Hz).

Audio, tactile, and audio–tactile metronomes were 
designed as sequences of audio, tactile, and simultaneous 
audio and tactile stimuli, both consisting in 80-ms square 
wave pulses with a 300 Hz carrier. The tactile stimuli were 
provided by electromagnets which responded faster than 
2 ms and reproduced the input signal (Lagarde and Kelso 
2006). One device was fixed on the pulp of the third phal-
ange of the auricular finger of each hand such that a tactile 
stimulus could be delivered to each participant on the right 

Fig. 1  The coordination pattern (top) and the configurations of 
Simple, Double and Alternating metronomes are presented for three 
cycles of right and left index movement. The black dots represent the 
occurrence of a metronome beat on the right or left side of the par-

ticipant. Instructions were given to participants to move their fingers 
in an anti-symmetrical mode and to synchronize with the metronome 
beats. Note that the metronome beats could be either audio, tactile, or 
audio–tactile
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and/or on the left side. Participants also wore earphones 
that were used to provide the audio stimuli on the right 
and/or on the left side. Note that headphones playing white 
noise were placed on the top of the earphones in order to 
isolate participants from any environmental sounds. Right 
and left audio–tactile stimuli were finally defined by the 
simultaneous activation of a tactile stimulus and an audio 
stimulus, together, respectively, on the right or on the left 
side. A requirement of a strict spatial alignment for multi-
sensory benefits has been shown to not be essential in the 
case of the audio–tactile interaction (Murray et al. 2005; 
Zampini et al. 2007; Sperdin et al. 2010 for review). There-
fore, in spite of the physical distance between the tactile 
stimulus (delivered on the auricular finger) and the audio 
stimulus (directly provided at the ear), we will consider 
each audio–tactile stimulus as spatially coincident since 
they consisted in the combination of two unimodal stimuli 
(audio and tactile) that are applied on the same side (right 
or left) of the participant.

Procedure

Participants were instructed to perform oscillatory move-
ment, about the metacarpophalangeal joint, with their index 
fingers moving in an anti-symmetrical pattern at a comfort-
able amplitude. In an anti-symmetric pattern, the flexion of 
a finger is performed simultaneously with the extension of 
the other one, thus while the right finger flexed, the left one 
extended and vice versa. In addition, the participants had to 
match their movements with an external metronome whose 
frequency increased (see the “Experimental conditions” 
section). They were instructed to stay with the metronome 
tempo and to not intervene voluntarily if they felt the ini-
tial pattern started to change, but to continue with whatever 
was the most comfortable pattern (“don’t intervene para-
digm”, Kelso et al. 1981; Kelso 1995). We also asked the 
participants to keep their eyes closed during data collection 
in order to avoid any side effect from visual processing.

We tested each participant in three successive sequences 
of one trial per experimental condition (see below), and 
each sequence followed a randomized order, for a total of 
27 trials per participant. For each trial, whatever the char-
acteristics of the metronomes, they systematically paced 
the finger movements from 1 to 2.8 Hz, with the movement 
rate increasing by steps of 0.2 Hz, each step lasting 10 s.

Experimental conditions

The experiment was organized following a 3 × 3 factorial 
design.

The experimental factor “Metronome Sensory Modal-
ity” had three levels: audio, tactile and audio–tactile. Here, 
the sensory modality that conveyed the metronome beats 

was manipulated. That is, the beats of the metronome could 
be exclusively audio (audio metronomes), exclusively tac-
tile (tactile metronomes) or audio–tactile (audio–tactile 
metronomes).

The experimental factor “Metronome Configuration” 
also had three levels (Fig. 1): Simple metronome (bilateral 
single beats), Double metronome (bilateral double beats), 
and Alternating metronome (lateralized alternating beats). 
The Simple metronome consisted in a stream of bilateral 
beats of the stimuli (audio, tactile, or audio–tactile) pro-
vided simultaneously on the right and on the left side of 
the participants. Participants were asked to complete a full 
cycle of movement for each metronome beat, by synchro-
nizing the flexion of the right finger on the bilateral beat. 
The Double metronome also consisted in a stream of bilat-
eral beats, but at twice the frequency of the Simple metro-
nome. Participants were instructed to complete a full cycle 
of movement for two metronome beats and to synchronize 
each finger flexion or extension with a bilateral beat (see 
also Fink et al. 2000). Finally, the Alternating metronome 
consisted in a stream of lateralized beats presented alter-
natively on the right and on the left side. Participants had 
to match the flexion of the right and left finger with the 
respective right and left metronome beats.

Data processing

The time-series of finger position were low-pass-filtered 
with a zero-lag 8-Hz second-order Butterworth filter. 
From these filtered time-series, we extracted the flex-
ion and extension onsets of the right and left fingers that 
were defined at a threshold of 5 % of peak velocity after 
the velocity peak of the corresponding flexion or extension 
movement.

Two variables were computed to assess the synchroniza-
tion of the participant’s movements with the metronomes.

We first examined the relative errors of synchronization 
or asynchronies determined by the temporal gap between 
the right index flexion onsets and the corresponding met-
ronome beats. The standard deviation of the asynchronies 
time-series produced before the eventual occurrence of the 
pattern transition was taken as an indicator of the variabil-
ity of the synchronization of the participant’s movements 
with the metronomes for the anti-symmetric coordina-
tion pattern. However, each participant switched from the 
intended anti-symmetric pattern of coordination to the 
symmetric one at a specific frequency plateau. Such a shift 
affected the length of the asynchronies time-series deter-
mined across participants and across experimental con-
ditions, and also, the assessment of the synchronization. 
As the earliest switch was observed during the fourth fre-
quency plateau (i.e., at 1.6 Hz), we focused the aforemen-
tioned analysis on the asynchronies produced during the 
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three first frequency plateaus (from 1 to 1.4 Hz) to ensure a 
fair comparison across participants and experimental con-
ditions. We also considered as outliers the asynchronies 
outside of the µ± 2σ interval where µ and σ, respectively, 
defined the mean and the standard deviation of the asyn-
chronies time-series.

In accordance with the analyses of previous studies 
(Fink et al. 2000), for the whole trial, we also examined the 
correlation (Pearson’s correlation) between the duration of 
the right finger movement cycles and the duration of the 
metronome cycles.

Therefore, two variables were considered to assess the 
synchronization of the participant movements with the met-
ronomes: the standard deviation of the asynchronies during 
the first three frequency plateaus and the coefficient of cor-
relation between the movement periods and the metronome 
periods.

Finally, we examined the stability of the anti-symmetric 
pattern of coordination through two complementary meth-
ods (Kelso 1995; Schöner and Kelso 1988a, b).

The first method considers the theoretical and empirical 
analysis of stationary behavior which estimated the dynam-
ical stability of a coordination pattern established between 
two oscillators from the circular dispersion (variability) of 
their relative phase: the larger the dispersion, the less stable 
the coordination (Kelso 1995; Schöner and Kelso 1988a, 
b). Therefore, we computed the pointwise relative phase (∅) 
time-series such as (1): ∅ = 2π ∗�t/T  (Kelso et al. 1990), 
where �t expresses the latency between a left finger and a 
right finger flexions, and T the current duration of the right 
finger movement cycle. The same processing was applied 
to extension onsets. We then determined the circular disper-
sion of the relative phase time-series produced before the 
eventual switch in coordination pattern. For the reasons 
discussed above, in the analysis of the synchronization of 
movements with the metronome, we also determined the 
circular dispersion of the relative phase time-series pro-
duced during the three first frequency plateaus. The circular 
dispersion values ranged within a [0 +1] interval, where 0 
indicates the absence of coordination and 1 a perfectly sta-
ble coordination.

The second method examined the stability of the anti-
symmetric pattern of coordination through an analysis of 
transient behavior. This method considers the stability of 
the anti-symmetric coordination pattern as a function of 
the occurrence of the pattern transition: the later the switch, 
the more stable the coordination pattern. Such experimen-
tal measurement of dynamical stability has been widely 
applied to processes characterized by two stable states in 
competition, under the influence of noise (Kelso 1995; 
Scheffer et al. 2009). For each trial performed, we there-
fore identified the eventual occurrence of a switch from the 
initial anti-symmetric coordination pattern (relative phase 

close to 180°) to the symmetric pattern (relative phase close 
to 0°). This time onset was then expressed as a ratio of the 
trial length which will represent the transition time score.

To sum up, the stability of the anti-symmetric pattern of 
coordination between the right and left finger movements 
was examined through three variables: the circular disper-
sion of the pointwise relative phase until the pattern transi-
tion, the circular dispersion of the pointwise relative phase 
for the three first frequency plateaus, and the transition 
time score.

The statistical analysis consisted in an analysis of vari-
ance with repeated measures (ANOVA) with two factors 
(Metronome Configuration X Metronome Sensory Modal-
ity), each one with three levels. We reported all p values 
after Greenhouse–Geisser correction and used post hoc t 
tests with Bonferroni adjustment for multiple comparisons. 
Note that the resulting distributions of correlation coeffi-
cients between the movement periods and the metronome 
periods, of circular dispersion values and of transition time 
scores, were submitted to statistical analysis after normali-
zation by the arc-sine transformation of the square root 
such as (2): v′ = asin

(√
v
)

.

Results

Synchronization with metronomes

The 3 × 3 repeated measures ANOVA on the stand-
ard deviation of the asynchronies time-series produced 
during the three first frequency plateaus showed a sig-
nificant main effect for Metronome Configuration (F2, 

18 = 6.02, p = 0.019, ηp
2 = 0.4), a significant main effect 

for Metronome Sensory Modality (F2, 18 = 6.34, p = 0.018, 
ηp

2 = 0.41), and a significant two-way interaction (F4, 

36 = 3.89, p = 0.034, ηp
2 = 0.3). Considering the Metro-

nome Configuration main factor effect, post hoc tests indi-
cated lower variability of the asynchronies (i.e., stronger 
synchronization) when synchronizing with the Double met-
ronomes (mean M = 36 ms, 95 % CI = 5 ms) than with 
the Simple metronomes (M = 44 ms, 95 % CI = 5 ms, 
p = 0.009). Considering the Metronome Sensory Modality 
main factor effect, these post hoc tests revealed lower vari-
ability of the asynchronies when synchronizing with the 
audio metronomes (M = 40 ms, 95 % CI = 7 ms) and the 
audio–tactile metronomes (M = 39 ms, 95 % CI = 4 ms) 
than with the tactile metronomes (M = 43 ms, 95 % 
CI = 5 ms; respectively, p = 0.023 and p = 0.016). Con-
sidering the two-way interaction effect, the post hoc tests 
showed lower variability of the asynchronies when syn-
chronizing with the audio Double metronome (M = 32 ms, 
95 % CI = 3 ms) than with the tactile Double metronome 
(M = 40 ms, 95 % CI = 5 ms; p = 0.023). This post hoc 
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analysis also highlighted the lower variability of the asyn-
chronies when considering the synchronization with the 
audio Double metronome compared to the audio Alternat-
ing metronome (M = 40 ms, 95 % CI = 5 ms; p = 0.029).

The ANOVA on the coefficients of correlation between 
the period time-series of the right finger movement cycles 
and those of the metronome (Fink et al. 2000) showed a 
significant main effect for Metronome Sensory Modal-
ity (F2, 18 = 10.71, p = 0.004, ηp

2 = 0.54). Post hoc tests 
indicated a stronger correlation for the audio metronomes 
(M = 0.979; 95 % CI = 0.004) and audio–tactile metro-
nomes (M = 0.978; 95 % CI = 0.004) when compared to 
the tactile metronomes (M = 0.972; 95 % CI = 0.01), with, 
respectively, p = 0.001 and p = 0.005. Note that the mean 
correlation values are systematically above 0.97, which 
indicates high level of synchronization whatever the experi-
mental condition. No significant effects were found for 
Metronome Configuration (F2, 18 3.35, p > 0.05, ηp

2 = 0.27) 
nor for the interaction between Metronome Configuration 
and Metronome Sensory Modality (F4, 36 = 0.6, p > 0.05, 
ηp

2 = 0.06).

Stability of the anti‑symmetric coordination 
between the finger movements

The 3 × 3 ANOVA on the circular dispersion of the point-
wise relative phase time-series computed between the fin-
ger movements and produced before the pattern transition 
showed a significant main effect for Metronome Config-
uration (F2, 18 = 16.38, p = 0.002, ηp

2 = 0.65). The post 
hoc tests revealed a more stable anti-symmetric coordina-
tion when synchronizing with the Double metronomes 
(M = 0.94, 95 % CI = 0.012) and the Alternating metro-
nomes (M = 0.92, 95 % CI = 0.016) than with the Sim-
ple metronomes (M = 0.86, 95 % CI = 0.048; p = 0.005). 
No significant effects were found for Metronome Sensory 
Modality (F2, 18 = 3.22, p > 0.05, ηp

2 = 0.26) nor for the 
two-way interaction (F4, 36 = 2.3, p > 0.05, ηp

2 = 0.2).
The 3 × 3 ANOVA on the circular dispersion of the point-

wise relative phase time-series produced during the three first 
frequency plateaus yielded a significant main effect for Met-
ronome Configuration (F2, 18 = 9.08, p = 0.006, ηp

2 = 0.5). 
The within-factor post hoc mean comparisons showed that 
the anti-symmetric coordination was more stable when syn-
chronizing with the Double metronomes (M = 0.92, 95 % 
CI = 0.049) and the Alternating metronomes (M = 0.93, 
95 % CI = 0.015, p = 0.001) than with the Simple metro-
nomes (M = 0.84, 95 % CI = 0.07, p = 0.005). No signifi-
cant effects were found for Metronome Sensory Modality 
(F2, 18 = 2.04, p > 0.05, ηp

2 = 0.19) nor for the two-way inter-
action (F4, 36 = 0.18, p > 0.05, ηp

2 = 0.02).
The 3 × 3 repeated measures ANOVA applied 

on the transition time scores showed a main effect 

factor for Metronome Configuration (Fig. 2a, F2, 

18 = 8.35, p = 0.0055; ηp
2 = 0.48) and a significant inter-

action between Metronome Configuration and Metronome 
Sensory Modality (Fig. 2b, F4, 36 = 5.42, p = 0.0072; 
ηp

2 = 0.38). The post hoc mean comparisons for the main 
factor Metronome Configuration revealed that the anti-
symmetric coordination pattern was longer maintained 
when synchronizing with the Alternating metronomes 
(M = 0.7, 95 % CI = 0.13) than with the Double metro-
nomes (M = 0.6, 95 % CI = 0.14, p = 0.016) and the Sim-
ple metronomes (M = 0.57, 95 % CI = 0.13, p 0.004). The 
post hoc mean comparisons for the two-way interaction 

Fig. 2  Scores of transition time as a function of: a the Metronome 
Configuration (Simple, Double, Alternating); b the set of experimen-
tal conditions (3 Metronome Configuration × 3 Metronome Sensory 
Modality). The percentage of trial duration at which the pattern tran-
sition occurred (coined as score of transition time) is an indicator of 
the stability of the intended anti-symmetric coordination. Error bars 
correspond to the 95 % confidence intervals
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indicated a redundant signal effect (RSE—Raab 1962) for 
the Alternating metronomes. Indeed, the anti-symmetric 
coordination pattern was maintained longer when syn-
chronizing with the audio–tactile Alternating metronome 
(M = 0.76, 95 % CI = 0.12) than with the audio Alternat-
ing metronome (M = 0.69, 95 % CI = 0.13, p = 0.04) and 
with the tactile Alternating metronome (M = 0.65, 95 % 
CI = 0.13, p = 0.001). No significant main effect was 
found for Metronome Sensory Modality (F2, 18 = 3.57, 
p > 0.05; ηp

2 = 0.28).
Two hypotheses can be proposed to clarify the nature of 

the neural processes mediating redundant signals effects 
(RSE). On the one hand, RSE may come from the ability 
of the brain to effectively combine information from dif-
ferent sensory pathways. In this view, the cross-modal ben-
efit from synchronizing with the Alternating audio–tactile 
metronome results from the emergence of cross-modal 
interactions in the perceptual processing of the tactile and 
auditory cues (Coactivation Model hypothesis—Miller 
1982). On the other hand, RSE may result from a statisti-
cal phenomenon well known as probability summation. In 
that last case, no cross-modal interaction is involved, and 
the cross-modal benefit results from the increased probabil-
ity to stabilize the coordination in view of the simultane-
ous activation of two independent perceptive processing, 
respectively, engaged for the audio and tactile rhythmic 
cues (Race Model hypothesis—Raab 1962; Miller 1982). 
In the following, we attempted to determine whether the 
RSE observed in the present experiment (for the Alternat-
ing metronome configuration—see above and Fig. 2b) 
matched the facilitation that can be predicted by the race 
model hypothesis.

The method proceeds in three steps. First, for each indi-
vidual, we estimated the cumulative probability of maintain-
ing the intended anti-symmetrical coordination to a certain 
percentage of time x of the trial length, when paced by the 
audio (CPa), the tactile (CPt), and the audio–tactile (CPat) 
Alternating metronomes (i.e., CPa, t, at(x) = P(X ≥ x) 
with x ∈ [0; 100] in 0.5 increments). Second, for each 
individual, we estimated two race model predictions cor-
responding to two distinct assumptions regarding the 
dependence of the auditory and tactile unimodal processes 
when simultaneously activated in a cross-modal condition 
(Miller 1982). Under the assumption of negative depend-
ence of the two unimodal processes, the race model pre-
diction reads (3): CPrm(x) = CPa(x)+ CPt(x). Under the 
assumption of independence, the race model prediction is 
(4): CPrmi(x) = CPa(x)+ CPt(x)− (CPa(x) ∗ CPt(x)). 
Third, the cumulative probability functions CPrm, CPrmi, 
and CPat, which were computed for each individual, were 
group averaged on each quantile. Finally, using pairwise 
mean comparisons, we assessed difference between CPat 
and the race model predictions (CPrm and CPrmi) at each 

quantile. In order to emphasize the sensitivity of the lat-
ter analysis, we used paired sample t test without a Bon-
ferroni–Sidak correction (Perneger 1998). The race model 
hypothesis was considered invalid for each quantile where 
CPat was found greater than the race model predictions.

As illustrated in Fig. 3, we found that the race model 
hypothesis under the assumption of negative dependence 
can fully account for the cross-modal benefit found in the 
present experiment. However, interestingly, we found that 
the cross-modal benefit can exceed the race model predic-
tion computed under the assumption of independence (gray 
area in Fig. 3, p < 0.05 for quantiles 59–60.5 and 73–73.5). 
This suggests that the phenomenon of statistical redun-
dancy cannot fully account for the multisensory stabiliza-
tion of the coordination observed with the auditory–tactile 
Alternating metronome. In contrast, cross-modal interac-
tions within the perceptual processing of the audio and tac-
tile rhythmic cues may have been involved (Coactivation 
Model hypothesis).

Note that this method is usually employed for rich set of 
data (e.g., reaction times; Sperdin et al. 2009) and was here 
adapted for a dataset consisting of relatively few scores 
(one for each trial so three per experimental conditions for 
each individual), and this might have limited the statistical 
power of the aforementioned analysis.

Fig. 3  Probability of maintaining the intended anti-symmetric coor-
dination as a function of the percentage of trial length. The fact that, 
for each curve, the probability of maintaining the intended anti-
symmetric coordination decreases with the duration of a trial is an 
expected result of our paradigm whereby the movement frequency 
increases all along the trial duration. The group averaged cumulative 
probabilities are presented for the unimodal Alternating metronomes 
CPa (audio) and CPt (tactile) and for the audio–tactile Alternating 
metronome CPat. Predictions of the race model are presented under 
the two assumptions of dependence of the unimodal processes CPrm 
(negative dependence) and CPmi (independence). The grayed area 
indicates when the cross-modal facilitation exceeds the race model 
predictions
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Discussion

The current experiment examined the stability of the anti-
symmetric coordination between finger movements when 
synchronizing with three types of metronome tested in uni-
modal (auditory or tactile) and cross-modal (audio–tactile) 
pacing conditions. We predicted that (1) the cross-modal 
pacing will stabilize the coordination at higher rates than 
the unimodal pacing conditions for the three types of met-
ronome, and (2) such increased stability will obey a behav-
ioral inverse effectiveness principle, i.e., for a given met-
ronome, the cross-modal gain will be inversely related to 
the stability of the pattern in unimodal pacing conditions. 
Results revealed that cross-modal pacing can improve the 
stability of the coordination. However, in contrast with 
our initial predictions, we found that such a multisensory 
benefit (or redundant signal effect: RSE) is not systematic. 
Multisensory benefit depends on the metronome’s config-
uration, and in particular, on the compatibility of the per-
ceptual and motor patterns. Our most prominent finding is 
that effective multisensory integration requires a direct and 
unique matching between the spatiotemporal configuration 
of the metronome and the spatiotemporal configuration of 
the coordination pattern.

This impact of the compatibility of the perceptual and 
motor patterns on cross-modal behavioral effects was not 
anticipated. This result suggests interesting consequences 
for the processes underpinning multisensory integration, 
which will be discussed in the following.

A multisensory stabilization of the coordination 
of movement

Previous research has indicated that synchronizing with a 
unimodal metronome, to some extent, counteracts the loss 
of temporal stability of the anti-symmetric bimanual coor-
dination when rate is increased. This stabilization effect is 
likely due to the metronome providing a spatiotemporal 
anchoring to the movement flow (Fink et al. 2000; Assisi 
et al. 2005). The present experiment showed that this effect 
can be strengthened when the pacing is cross-modal (audi-
tory–tactile) rather than unimodal (auditory or tactile). In 
particular, the anti-symmetric coordination was maintained 
at higher rates with the Alternating cross-modal metronome 
in comparison with the Alternating unimodal metronomes.

These findings point to a novel benefit for the combi-
nation of sensory cues that complements the well-doc-
umented speeding up of a purely reactive behavior: the 
stabilization of the continuous coordination of movements 
when synchronizing with an external pacer can be rein-
forced when the pacer’s beats are cross-modal. In view 
of the significance of coordination patterns in daily life 

(Nourrit-Lucas et al. 2013), this result appears highly rel-
evant for our understanding of adapted behavior more gen-
erally. Bimanual coordination constitutes an elementary but 
theoretically grounded window into the study of stability 
of coordination patterns. This stability acts continuously to 
maintain efficient movement patterns against neural noise 
(Schöner and Kelso 1988a, b), the latter being a pervasive 
component of CNS functioning (Van Beers et al. 2004; 
Schmidt et al. 1978; Harris and Wolpert 1998; Selen et al. 
2005). Finally, a validation of cross-modal stabilization of 
coordination motivates its use to stabilize new patterns in a 
learning context or for the recovery of patterns when patho-
logical changes are affecting the CNS.

Multisensory integration is constrained by the 
perceptuo‑motor interaction

We found that the anti-symmetric pattern was maintained 
until certain critical rates and that this depended on the type 
of metronome perceived, which was expected. However, 
we also expected a systematic benefit for synchronizing 
with a cross-modal pacing, with a gain inversely related to 
the stability of the pattern in unimodal pacing conditions. 
Our results revealed a different situation. We found that the 
behavioral efficacy of multisensory cues varied depend-
ing upon changes of metronome configuration: multisen-
sory enhancement existed exclusively for the Alternating 
metronome.

In an earlier study, we found indications that multisen-
sory integration could be conditioned by the spatiotemporal 
configuration of metronomes in relation to the coordina-
tion pattern (Zelic et al. 2012). This previous study, how-
ever, examined different metronome configurations, and 
few have been shown to fail in triggering multisensory 
enhancements. In the present experiment, each configura-
tion of metronome tested was found to be efficient in terms 
of stabilizing the anti-symmetric pattern, albeit in unimodal 
pacing condition. The Simple metronome has been used in 
numerous studies to drive bimanual coordination at vari-
ous frequencies (see Kelso 1995, for a review). The Double 
metronome has been more seldomly used, but has proved 
to be efficient to drive bimanual coordination (Fink et al. 
2000; Assisi et al. 2005). Also, the Alternating metronome 
has been shown to drive and stabilize new patterns of coor-
dination in learning experiments (Zanone and Kelso 1992; 
Tuller and Kelso 1989).

In the following, we discuss the extent to which the con-
figuration of the Alternating metronome differs from those 
of the bilateral (Simple and Double) metronomes. Then, we 
consider how such differences might have benefited both 
the stability of the coordination pattern and the emergence 
of multisensory enhancement.
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Compatibility and symmetry in perception–movement 
relations

A first step in developing an explanation comes from the 
analysis of the symmetries in the relation of the coor-
dination pattern and the metronome configuration. The 
Alternating metronome consisted in sequences of lateral-
ized beats that were provided alternatively on the left and 
right sides. Participants, respectively, synchronized their 
right and left finger flexion with these right and left beats; 
therefore, the action to be synchronized was unequivocally 
specified as a flexion of the finger located on the side of the 
beat. Accordingly, the relation between the Alternate met-
ronome and the coordination pattern followed a left–right 
symmetry. In contrast, the bilateral metronomes provided 
bilateral beats simultaneously on the left and right sides. 
Here, the action to be synchronized is necessarily distinct 
considering the left and right finger, as each bilateral beat 
triggers the flexion of one finger and the extension of the 
other. Accordingly, the relation between the bilateral met-
ronomes and the coordination pattern does not follow the 
aforementioned left–right symmetry.

In bimanual coordination, reduced symmetry often 
causes reduced stability (Kelso 1995), and this may have 
limited a behavioral gain in cross-modal bilateral metro-
nomes. Due to its lateralized and alternated structure, the 
Alternating metronome provided a direct and univocal cue-
ing of the phasing required for the anti-symmetric coordi-
nation pattern. In contrast, this phasing was not uniquely 
specified by the bilateral metronomes which can drive 
either an anti-symmetric or a symmetric pattern of coordi-
nation. This creates the condition for a competition to be 
solved by the CNS, likely through complementary pro-
cesses in order to map the syncopated pattern of move-
ments to the bilateral simultaneous pacing.

The analysis of compatibility sketched here is stated in 
simple terms, but its generalization would need to be made 
using more formal tools. Importantly such a generalization 
is required to predict multisensory gains with other coordi-
nation patterns involved for example in gait, upright pos-
ture, single limb movement, or in speech–gesture coordi-
nation (Zelic et al. 2015). This is beyond the scope of the 
present study, but one can envision analyzing the relation 
between beat sequences and coordination patterns by com-
paring their symmetry groups, the same way it was used 
to establish taxonomies of gait patterns of movement or 
Gestalt percepts (see Schöner et al. 1990; Pinto and Golu-
bitsky 2006; Turvey et al. 2009; Cassirer 1944).

Lower neuronal load when compatibility is respected

The multisensory efficacy of the compatible Alternating 
metronome might result from the lower time cost due to the 

direct projection of the sensory consequence of the stimula-
tion into the hemisphere that initiates the motor response, 
i.e., the finger flexion. Indeed, the absence of a contralat-
eral event to process when synchronizing with the compat-
ible Alternating metronome likely alleviates the perceptuo-
motor mechanisms by avoiding the processing of additional 
inter-hemispheric exchanges (Umiltà and Nicoletti 1990; 
Hommel 1996) and the recruitment of supplementary sen-
sorimotor mapping areas (e.g., the left premotor and pari-
etal cortices—Iacoboni et al. 1998). In addition, reducing 
the inter-hemispheric exchanges involved for these percep-
tuo-motor mapping operations minimizes the risk of inter-
ference with the fragile and critical inhibitive cross-talk 
that support the anti-symmetric coordination (Grefkes et al. 
2008; Meister et al. 2010; Meyer-Lindenberg et al. 2002; 
Aramaki et al. 2006; Barnejee et al. 2012; Diedrichsen 
et al. 2013). Therefore, one possibility is that the Alternat-
ing metronome involved less sophisticated, likely faster, 
perceptuo-motor mapping operations, increasing their 
efficacy at higher rates, when time constraints are maxi-
mal. In contrast, the bilateral metronomes likely involved 
extra perceptuo-motor operations due to the processing of 
a contralateral information (bilateral beat) which may have 
inhibited, competed with, or delayed those required for 
multisensory integration. The left parietal cortex could very 
conceivably be the place to look for such a competition, as 
it is assumed to be involved in both perceptuo-motor map-
ping for incompatible S-R (Iacoboni et al. 1998) and multi-
sensory integration. On that line of thinking, recent studies 
in computational neuroscience strongly suggest that time 
delays typically destabilize large-scale networks (Jirsa and 
Ding 2004). Moreover, the increase in neural noise imposed 
by supplementary mapping operation may also contribute 
to a destabilization (Tagliabue and McIntyre 2011).

Onto the benefit of cross‑modal neural interaction

Our analysis based on the Miller’s inequality suggests 
that the stabilization of the coordination observed with the 
auditory–tactile Alternating metronome cannot be entirely 
explained by statistical redundancy of independent pro-
cesses. Rather, the multisensory benefit would be due to 
cross-modal interactions between the auditory and tactile 
processing (Fig. 3—Raab 1962; Miller 1982). To date, 
however, the neurophysiological mechanisms leading to a 
stabilization of the sensorimotor processes by an external 
pacer are poorly understood. In the following, we discussed 
two types of brain processes related to multisensory inte-
gration that may have contributed to the multisensory stabi-
lization of the coordination.

Firstly, the cross-modal interaction may simply 
strengthen perceptuo-motor mechanisms involved in 
the unimodal pacing conditions without changing its 
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organization. Numerous studies have demonstrated that 
the output of early, “unisensory” processing is affected by 
multisensory influences (Lakatos et al. 2008; Diederich 
et al. 2012; Fiebelkorn et al. 2011; Thorne et al. 2011). In 
the present case, direct interactions between the low-level 
cortices (e.g., direct inputs from the somatosensory cortex 
to the auditory cortex—Smiley et al. 2007; Lakatos et al. 
2007) or ascending projections from multisensory sub-
cortical sources (Schroeder and Foxe 2005) might have 
improved the perceptuo-motor neural processes already 
at work during the unimodal pacing conditions. Recently, 
Van Atteveldt et al. (2014) suggested that the combination 
of canonical, population-level integrative operations such 
as divisive normalization and phase resetting supports such 
low-level cortical interactions.

A second possibility is that distinct and more effective 
perceptuo-motor mechanisms emerged when synchroniz-
ing with the cross-modal Alternating metronome. Indeed, 
previous research has revealed multisensory-specific neural 
networks exclusively activated for the processing of cross-
modal cues (Ghazanfar and Schroeder 2006; Driver and 
Noesselt 2008; Stein and Stanford 2008; Senkowski et al. 
2008). Such multisensory-specific networks have been sug-
gested to speed up the perceptual processing of external 
cues. In the present experiment, it is possible that a mul-
tisensory-specific network has been activated, establishing 
a novel perceptuo-motor binding more efficient for the sta-
bilization of the coordination. For instance, a more direct 
coupling could have emerged from sensory to the motor 
cortices, alleviating the critical temporal cost inherent to 
the underlying perceptuo-motor mechanisms.

Conclusion

We found that the compatibility of the perceptual and motor 
patterns is critical for multisensory integration to stabilize 
bimanual movement coordination. Indeed, multimodal 
benefits were conditioned by the compatibility of the met-
ronome’s configuration with the spatiotemporal dynamic 
of the coordination pattern. These original findings sug-
gest that the rules that apply to multisensory integration for 
reactive behaviors might have to be supplemented in order 
to generalize to the class of continuous coordinated behav-
iors. The fact that multisensory integration can facilitate the 
coordination at the condition of a matching in space and 
time of patterns of perception and action, provides a fer-
tile new direction for investigating how two fundamental 
processes, namely motor coordination and multimodal inte-
gration, connect in the brain. In addition, enhancing move-
ment coordination via cross-modal auditory–tactile stim-
uli, which prevents overloading vision, is also promising 
regarding, for example, the rehabilitation of coordination 

skills in people post-stroke or in cueing movements for Par-
kinson patients.

A pressing issue for future research is to unravel the 
neural mechanisms underlying the stabilization of the coor-
dination when synchronizing with an external pacer and to 
determine how these perceptuo-motor mechanisms are con-
ditioned by the degree of compatibility of the perceptual 
and motor patterns. It would constitute a first step toward 
a better understanding of multisensory integration neural 
processes from the perspective of coordination dynamics.
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