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ABSTRACT

Living in a complex and multisensory environment demands constant
interaction between perception and action. In everyday life it is common to
combine efficiently simultaneous signals coming from different modalities. There
is evidence of a multisensory benefit in a variety of laboratory tasks (temporal
judgement, reaction time tasks). It is less clear if this effect extends to ecological
tasks, such as walking. Furthermore, benefits of multimodal stimulation are
linked to temporal properties such as the temporal window of integration and
temporal recalibration. These properties have been examined in tasks involving
single, non-repeating stimulus presentations. Here we investigate the same
temporal properties in the context of a rhythmic task, namely audio-tactile
stimulation during walking. The effect of audiotactile rhythmic cues on gait
variability and the ability to synchronize to the cues was studied in young adults.
Participants walked with rhythmic cues presented at different stimulus-onset
asynchronies. We observed a multisensory benefit by comparing audio-tactile
to unimodal stimulation. Moreover, both the temporal window of integration and
temporal recalibration mediated the response to multimodal stimulation. In sum,
rhythmic behaviours obey the same principles as temporal discrimination and

detection behaviours and thus can also benefit from multimodal stimulation.
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Introduction
Living in @ complex and multisensory environment demands constant
interaction between perception and action. Our ability to merge information coming

from several senses is crucial to pro- duce and regulate our body movements.

Multisensory integration in time

Multisensory benefit refers to the improvement observed in tasks, such as
sensorimotor synchronization, where presenting the stimulus via more than one
sensory modality simultaneously leads to increased performance in comparison with
unimodal stim- ulus presentation. Such benefit has been observed for audio-visual
stimulation in terms of enhanced speech intelligibility (Schroeder, Lakatos, Kajikawa,
Partan, & Puce, 2008), learning (Shams & Seitz, 2008) and reduced reaction times
(Colonius & Diederich, 2004; Hughes, Reuter-Lorenz, Nozawa, & Fendrich, 1994;
Murray et al., 2005). These multisensory benefits have been linked to the activity of
multisensory neurons, mostly located in the intraparietal sulcus, the ventrolateral
prefrontal cortex and the superior temporal sulcus, capable of integrating into a
unified percept the various signals received by different senses (Stein & Stanford,
2008). Certain specific conditions have to be fulfilled to achieve multisensory
integration. A critical feature inherent in the stimulation is the temporal organization
of multimodal stimuli, namely the “temporal principle” (Meredith, Nemitz, & Stein,
1987; Spence & Squire, 2003). This principle states that multimodal stimuli have to
be presented approximately simultaneously, in order to be considered as having a
unique source (object or event).

What exactly is the span of this simultaneity? The temporal principle was
originally defined at the level of the single neuron (Stein & Meredith, 1993). It is not
straightforward to determine the synchrony among different senses. For example,
with respect to the physical medium carrying the sensory stimulation, sound travels
at approximately 330 m/s whereas there is no travel time for tactile signals. Sensory
systems also exhibit differences in terms of conduction speeds, response latencies
and neural processing time (Fain, 2003; Lange & Rdder, 2006; Lestienne, 2001;

Nicolas, 1997; Vroomen & Keetels, 2010). These differences between audition and



touch have an effect on behaviour. In reaction time (RT) tasks participants respond
40-45 ms faster to auditory stimuli than to tactile stimuli (Diederich, 1995; Diederich
& Colonius, 2004; Murray et al., 2005). This discrepancy between modalities is
replicated in sensorimotor synchronization tasks when participants synchronize their
fingers’ movement to unimodal auditory or tactile rhythmic stimuli. In this condition,
participants tap (Muller et al., 2008) or reach maximal flexion (when physical con-
tact with a surface is absent; Lagarde & Kelso, 2006), preceding auditory stimuli but
lagging behind tactile stimuli, with a difference between the two of approximately 40
ms. A similar temporal difference is reported in perceptual tasks with multimodal
stimuli. During passive movement in the Temporal Order Judgment task (TOJ),
tactile stimuli have to be presented 45 ms before the auditory stimuli in order to
reach a point of subjective simultaneity (Frissen, Ziat, Campion, Hayward, &
Guastavino, 2012). It is worth noting that there is no consensus about the temporal
discrepancy leading to subjective simultaneity between auditory and tactile stimuli.
Other studies reported values of 27 ms (Occelli, Spence, & Zampini, 2008) or 8 ms
(Navarra, Soto-Faraco, & Spence, 2007). Finally, in forced-choice detection tasks
with non-synchronous multimodal stimulation, performance improves when a tactile
stimulus precedes an auditory stimulus (Wilson, Reed, & Braida, 2009). Altogether,
the results obtained in a variety of tasks point to temporal differences between
auditory and tactile sensory path- ways and processing. This raises questions about
the dynamical adaptation of the sensorimotor system necessary to achieve and
maintain temporal synchrony.

The ability of the nervous system to deal with temporal lags between
senses has been particularly investigated at the perceptual level (Vroomen &
Keetels, 2010). The involved processes depend on the combination of modalities
(audio-visual, audio-tactile or visuo-tactile) and on the direction of the asynchrony
(e.g., auditory first vs. tactile first). For audio-tactile stimulation two properties are
particularly relevant: the temporal window of integration (TWI) and temporal
recalibration. Traditionally, a TWI implies that the nervous system is insensitive to
small lags between the stimuli and that multisensory integration can occur despite

those lags (Spence & Squire, 2003). The TWI hypothesis was tested in perceptual



and RT tasks (Colonius, Diederich, & Steenken, 2009; Harris, Harrar, Jaekl, &
Kopinska, 2009) as well as with complex stimuli such as speech (Navarra, Soto-
Faraco, & Spence, 2014; Navarra et al., 2005). For example, the judgement of
temporal order between two stimuli coming from different modalities (i.e., auditory
and tactile) is at chance level when they occur within a small window of time. The
size of this window, corresponding to the just noticeable difference, varies from 25
to 80 ms (Fujisaki & Nishida, 2009; Hanson, Heron, & Whitaker, 2008; Harrar &
Harris, 2008; Kitagawa, Zampini, & Spence, 2005; Occelli et al., 2008; Zampini et al.,
2005). The variability of the reported window size is probably due to task factors and
methodological differences between the studies (Occelli, Spence, & Zampini, 2011).
A time window (between 60 and 100 ms) is also reported in RT tasks but to our
knowledge only for audio-visual stimuli (Diederich & Colonius, 2004; Mégevand,
Molholm, Nayak, & Foxe, 2013).

Temporal recalibration is another process involved in the perceived temporal
synchrony of multimodal stimuli. It refers to the tendency of the brain to minimize the
inter-sensory discrepancies of events that normally belong together (Vroomen &
Keetels, 2010). This capacity is tested by measuring participants’ perception of
synchrony before and after exposure to trains of multi- modal stimuli with a constant
temporal interval between modalities (i.e., Stimulus Onset Asynchrony, SOA). After
exposure, the perceived stimulus synchrony is shifted (Hanson et al., 2008;
Navarra et al., 2007). Recalibration is likely to be underpinned by various processes.
It may result from a shift in the simultaneity criterion or from a change of the
detection threshold in one of the modalities. An alternative is that the exposure to
an isochronous sequence modifies the width of the TWI. The precise mechanism
operating in different conditions is still an object of debate (Linares, Cos, &
Roseboom, 2016; Parise & Ernst, 2016; Vroomen & Keetels, 2010). To the best of
our knowledge, only two studies have investigated the effect of temporal
recalibration on the timing of movement. One of them failed to observe temporal
recalibration in an RT task (Harrar & Harris, 2008). However, evidence of temporal
recalibration was found in a second study, using RT and visuo- motor adaptation

(Stetson, Cui, Montague, & Eagleman, 2006). Participants were asked to react to



cues and after each response a delayed flash was presented. Following exposure
to flashes occurring after a long delay (135 ms), if the visual flash occurred
synchronously or at an unexpectedly short delay after the motor response,
participants judged that the visual flash had preceded the motor response.
Altogether, evidence is scant to conclude whether or not temporal recalibration
affects motor performance.

So far we have been focusing on the temporal properties of multisensory
integration in response to single, non-repeating multimodal stimuli. However, our
everyday interaction with multisensory events very often goes beyond that. Our
ability to integrate multimodal stimuli is crucial to produce and regulate our body
movements. For instance, in conversation we need to coordinate our eye
movements and integrate the auditory information with the visual information about
the other speaker’s lip movements. To date, only one study examined the role of
temporal properties in coordinating rhythmic and continuous movements with
audio-tactile stimuli. In a previous study (Roy, Dalla Bella, & Lagarde, 2017) we
found evidence of a TWI in bimanual coordination with audio-tactile stimuli.
Specifically, a widening of the TWI was observed in bimanual coordination (TWI of
160 ms) in comparison to perceptual tasks (maximal TWI of 80 ms, Zampini et
al., 2005). Wider TWI may reflect the ability of the sensorimotor system to keep
stable behaviour when movement is implied. In this previous study, we did not
investigate the role of temporal recalibration. It is also unclear whether TWI and
temporal recalibration are involved in gait just as they play a role in multisensory
integration during perceptual, RT or bimanual coordination tasks. These questions
are addressed in the present study in which we also test for the presence of a

multisensory benefit in sensorimotor synchronization tasks.

Moving in a multisensory environment: multisensory benefit

There is evidence of a multisensory benefit when participants synchronize
the movement of one limb, finger or step, to multi- modal stimuli (Elliott, Wing, &
Welchman, 2010; Wing, Doumas, & Welchman, 2010; Wright & Elliott, 2014). A

benefit was also reported for bimanual coordination where participants



coordinated two limbs and also while they synchronized to multimodal stimuli (Zelic,
Mottet, & Lagarde, 2012, 2016). These studies indicate that multimodal stimuli can
stabilize continuous movement. Here we address the hypothesis that audio-tactile
stimuli can also stabilize overground walking which is a considerably more com-
plex behaviour in that it is a full body task and also requires maintaining stability in
addition to timing foot contact with the ground.

The effect of the multisensory integration observed in tapping or bimanual
coordination has not been compared to multisensory integration in gait.
Synchronization (Chen, Wing, & Pratt, 2006) and audio-visual integration (Wright &
Elliott, 2014) have been studied in stepping without comparing that to traditional
manual tasks. Synchronization variability in heel tapping was smaller while sitting
than while stepping, presumably due to the reduction in biomechanical constraints
(Chen et al., 2006). Concerning the effects of audio-visual integration in stepping,
Wright and Elliott (2014) reported a pattern of results also observed in bimanual
coordination (Blais, Albaret, & Tallet, 2015). An audio-visual benefit was found in
synchronization variability (SD of relative phase for inter-manual coordination) but
not in motor variability (SD of step-times). It appears that the ability to take
advantage of multi- modal stimuli applies equally to various behaviours but it is yet to
be determined whether gait is among them. Note that sustained steady gait, as
compared to making individual steps, involves additional constraints such as forward
displacements of the body centre of mass, spatial navigation, monitoring for
environmental changes and overcoming perturbations such as sharp turning that
alter the structure of gait variability for multiple strides following each perturbation
(Dotov, Bardy, & Dalla Bella, 2016). One study investigated multisensory integration
including the tactile modality in the gait of healthy young adults and found no
evidence of benefit with audio-visuo-tactile stimuli (Sejdic’, Fu, Pak, Fairley, & Chau,
2012).

Despite this lack of multisensory benefit on gait in healthy young adults,
clinical studies in patient populations such as Parkin- son’s disease and stroke show
more promising results. Gait can become dysfunctional due to ageing and/or

disease, causing loss of stability and falls (Malatesta et al., 2003; Morris, Huxham,



McGinley, & lansek, 2001). One way of compensating for gait disorders is to instruct
older adults and/or patients to walk along with a sequence of isochronously
presented sounds (e.g., a metronome). Auditory cues can drive immediate beneficial
effects on spatiotemporal gait parameters and increase stride length and speed
(Lim et al., 2005; Spaulding et al., 2013; Wittwer, Webster, & Hill, 2013). There are
also preliminary indications that tactile stimulation may also improve gait and
motor performance in patients with Parkinson’s disease (lvkovic, Fisher, & Paloski,
2016; van Wegen et al., 2006). Bimodal stimulation in the cueing of gait has been a
subject of study. Cueing with audio-visual stimuli was found to improve gait velocity,
cadence and stride length, more than unimodal stimulation (Suteerawattananon,
Morris, Etnyre, Jankovic, & Protas, 2004). Yet, the effect of audio-tactile stimulation
has not been fully investigated (Lim et al., 2005; Marchese, Diverio, Zucchi, Lentino,
& Abbruzzese, 2000). In sum, clinical studies in patient populations point to effects of
multisensory integration in gait with potential benefits for rehabilitation.

Additionally, auditory dominance is an oft-reported phenomenon which
is likely to affect the synchronization of continuous movements with multimodal
stimuli (Aschersleben, 2002; Kato & Konishi, 2006; Repp & Penel, 2002, 2004;
Roy et al., 2017). The human sensorimotor system exhibits a strong preference to
bind movement to the auditory sensory modality when visual and tactile rhythmic
stimuli are also available in a synchronization task (tapping or bimanual
coordination). Evidence for auditory dominance is typically provided in paradigms
employing a parametric variation of the temporal discrepancy between multi- modal
stimuli such as a manipulation of the SOA. When participants synchronize with
auditory stimuli, the presence of visual or tactile stimuli does not affect their
performance. In contrast, synchronization to visual or tactile stimuli is disrupted by
auditory stimuli which tend to attract participants’ taps and increase performance
variability (Aschersleben & Bertelson, 2003; Repp & Penel, 2004; Roy et al., 2017).

In the present study we first tested whether temporal proper- ties underlying
multisensory integration play a role in overground walking with audio-tactile
stimulation. The widening of the TWI observed in bimanual coordination was

expected to extend to gait as well. We also investigated temporal recalibration, a



second property which is likely to be involved in multisensory integration (Vroomen &
Keetels, 2010). Second, we examined whether audio-tactile stimulation during gait
would lead to a multisensory benefit.

To these ends, the effect of audio-tactile stimulation on gait was examined in
a cued walking task in which participants synchronized their gait to tactile
stimulation. Young adults were asked to walk with unimodal or audio-tactile stimuli.
We manipulated the SOA between tactile and auditory stimuli in multimodal
conditions. We anticipated (1) a widening of the TWI in gait as compared to
perceptual tasks and comparable to values reported for bimanual coordination
movements (i.e., 160 ms); (2) an effect of temporal recalibration leading to a
decrease of performance variability over time and (3) a benefit of multisensory

integration in multi-modal as compared to unimodal conditions.

Method
Participants

Nineteen students from Montpellier University (7 females, mean age = 29.25
years, SD =4.10 years), with a mean height of 1.74 m (SD = 0.09 m), volunteered
to take part in the experiment. All the participants reported normal audition and
touch. The experiment was conducted in accordance with the guidelines of the
Declaration of Helsinki (World Medical Association, 2008).

Material

The auditory stimuli were 60-ms square wave pulses with tone carrier
frequency at 250 Hz and presented to participants at 65 dB. The tactile stimuli,
which were provided by linear resonant actuator vibrators, were 60-ms square
wave pulses with vibration carrier frequency at 235 Hz. The diameter of vibrators
was 0.5 cm. The frequencies are within a region of optimal sensibility of the
Pacinian receptors (200—-300 Hz, Purves et al., 1997). At the beginning of the
experiment participants were asked whether they felt like adjusting the volume of
the sound to match the intensities between auditory and tactile stimuli. None of

participants decided to reduce or increase it. The temporal gap between auditory



and tactile stimuli was manipulated. Stimuli sequences with 9 SOAs between
auditory and tactile stimuli were created: -160 ms, -120 ms, -80 ms, -40 ms, 0

ms, +40 ms, +80 ms, +120 ms, +160 ms.

Equipment

The experiment was conducted using two computers. One computer was
used for stimulus presentation. The equipment used to test participants is
illustrated in Fig. 1. Auditory stimuli were delivered via earphones. In addition,
participants wore silent head- phones to reduce environmental noise. Tactile
stimulation was provided with vibrators. To maximize tactile sensitivity
(Johansson & Vallbo, 1979, 1983) and avoid gating effects from cutaneous
reafferences of the active limb (Voss, Ingram, Haggard, & Wolpert, 2006), we
positioned the vibrators on each index finger rather than on the legs. In addition,
index fingers are the place where the mechanoreceptors are the most numerous
(Weinstein, 1968). The second computer served to record simultaneously the
temporal gait parameters using a wireless motion-capture system (APDM’s
Mobility Lab, Mancini et al., 2011) with four small body-worn inertial measurement
units (IMU, 3D accelerometers, 3D gyroscopes, magnetometers), sampled at 128
Hz, which also have the capacity to record from an external analog input. All the
stimuli were generated in Matlab and sent to a hardware system (Arduino 1.0.5) via
the sound card of the computer and through an auditory wireless system (W3
Wireless Audio, Audioengine). The stimuli were sent simultaneously to both
sides (to the two ears and/or two fingers). One IMU served to record the on-going
auditory and tactile physical stimulation without any delay and with a clock
synchronized with the three other IMUs used for the movement capture. The
apparatus that received and transformed the physical signals into auditory or tactile
stimulations and the IMU recording the stimulations were placed in a backpack worn
by the participants. Two movement capture IMUs recorded footfalls via force sensing
resistor foot switches positioned inside the shoe sole of the participants. The foot
switches were connected to the IMUs which were attached 3 cm above each

malleolus. The fourth IMU, attached on the upper trunk 2 cm below the sternal



notch, recorded 3D linear accelerations and 3D angular velocities of the trunk with
axes oriented along the anatomical antero-posterior, medio-lateral and vertical

directions.
Auditory
Stimulations
IMUs h
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| - Lowr
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N

Foot switches

Fig. 1. Two tactile vibrators were positioned on participants’ index fingers. Auditory stimuli
were delivered via earphones. In addition, participants wore silent headphones to reduce
environmental noise. In order to record steps intervals and asynchronies, participants were
equipped with IMUs and foot-switches. On the right panel an illustration of the time series of the
heel strikes and stimuli is provided.

Procedure

The participants were submitted to an audio-tactile cued walking protocol.
They were asked to synchronize their heel strikes to tactile stimuli. As observed in
our previous bimanual coordination study (Roy et al., 2017), synchronization to
tactile stimuli was the condition leading to beneficial effects of audio-tactile
integration. In contrast, we did not find any effect of multisensory integration when
participants were instructed to synchronize with the auditory stimuli. Lack of

multisensory integration in this condition is likely to results from auditory dominance



in sensorimotor synchronization task with audio-visual stimuli. There is compelling
evidence that when participants synchronize with auditory stimuli, the presence of
visual stimuli does not affect their performance (Aschersleben & Bertelson, 2003;
Kato & Konishi, 2006; Repp & Penel, 2002, 2004). It is noteworthy that in the present
study participants were not explicitly instructed to ignore the auditory stimuli. At the
beginning of the experiment, participants were instructed to walk at their preferred
walking speed around an indoor round path (walkway width = 3.50 m, length = 6.70
m) for 1 min. This first trial served to compute participants’ preferred cadence (mean
number of steps per minute). Preferred cadence was used to calculate the inter-
stimuli interval (ISI) in the subsequent experimental trials. Cue frequency was
decreased by 30% relative to preferred cadence by reducing ISI accordingly
(mean ISI =734.6 ms, SD ISI =36.2, range = 684—-780 ms). As the gait of healthy
young adults is regular and stable (Kang & Dingwell, 2009), we presented stimuli at
a lower than preferred cadence to create a condition in which gait was slightly more
challenging (Terrier & Dériaz, 2012), thus potentially increasing sensitivity to the
stimuli.

Each participant was submitted to 11 cued conditions. Two conditions were
unimodal (tactile and auditory). The nine other multimodal conditions resulted from
manipulating the temporal gap at the aforementioned SOAs between auditory and
tactile stimuli from -160 to +160 ms in steps of 40. In each condition the SOA
between auditory and tactile stimuli was constant. In each trial a sequence of 290
stimuli was presented.

Participants were asked to synchronize their steps to the tactile stimuli
presented simultaneously to both sides of the body (tactile stimuli on right and left
index fingers corresponding to right and left auditory stimuli). In both unimodal
conditions participants were instructed to synchronize with tactile or auditory
stimuli according to the presented modality. The order of the SOA conditions was
counterbalanced across participants. The experiment took approximately 75

min, with breaks lasting approximately 1 min after each condition.

Pre-processing and data analysis



Data were pre-processed and analysed using custom scripts in Matlab and R
(R core Team, 2013). The time series of footfalls and stimuli were obtained from
IMU recordings as well as the trunk movements. Heel-strike times, stimulus
presentation times and trunk kinematics were recorded by the IMUs. The automatic
heel-strike detection in all trials was verified by visual inspection. The two first and
the last eight steps of each trial were removed. Further analyses were carried out on
the basis of 280 steps obtained in each trial.

A measure of synchronization was obtained by computing the difference
between the time of each heel-strike and stimulus onset. This difference, referred to
as “asynchrony”, is negative when the movement precedes the stimuli and positive
when the movement lags after the stimulus. Mean asynchrony for each trial was
computed as a measure of synchronization accuracy. The standard deviation of
asynchrony (SD asynchrony) was calculated as a measure of synchronization
variability. Two variables accounted for gait stability, by measuring variability in
terms of the step-time coefficient of variation (CoV step-time) and local stability in
terms of the maximum Lyapunov exponent k. CoV step-time is the SD of the
step-time divided by the mean step-time multiplied by 100 (see Footnote). Large
CoV indicates high gait variability (low gait stability). Maximum Lyapunov exponent
derives from stability theory of nonlinear dynamical systems. Note that the definition
and use of Lyapunov exponents have been extended to stochastic dynamical
systems (Osedelets, 1968). Since its first application to gait (Dingwell, Cusumano,
Sternad, & Cavanagh, 2000), it has been applied repeatedly in the context of human
gait. The local Lyapunov exponent is estimated in terms of the rate at which adjacent
state trajectories diverge. The general idea is to locate the points in time where the
system visits the same point in phase space that it also visits on other points in time
and measure how quickly the trajectories depart from each other. Thus, the
maximum local Lyapunov exponent k, also called local logarithmic divergence, is the
rate at which the system under consideration departs from its own baseline
pattern. The methods for estimating local dynamic stability have been presented in
detail elsewhere (Bruijn, Meijer, Beek, & Van Dieén, 2013). We applied the

recommended Rosenstein algorithm (Rosenstein, Collins, & De Luca, 1993) on the



data collected by the 3D accelerometers and gyroscopes located on the trunk
(Bruijn et al., 2013). We limited the estimation to the so-called short-term ks
where the window of estimation is equal to the average duration of one step. This
is based on the fact that most of the compensation to centre-of-mass perturbations
will happen within the span of a step. We employed recommended procedures for
calculating ks consisting of phase-space reconstruction by time-delayed embedding
each of the three acceleration and three angular velocity dimensions to form a 12-
dimensional phase- space (Gates & Dingwell, 2009). The faster the trunk trajectory
diverges in the reconstructed phases space, the less stable the system is. Thus,
small values of the local Lyapunov exponent k are indications of high stability.

The study of the multisensory benefit and of two temporal properties
(TWI and temporal recalibration) in continuous rhythmic movement may imply novel
methodology and criteria com- pared to perceptual and RT tasks. Measures of gait
stability (CoV step-time and Lyapunov exponent) and synchronization variability (SD
asynchrony) were obtained per trial from the entire trial time series. In perceptual
tasks the TWI is determined by the just notice- able difference (Vroomen & Keetels,
2010). For example, in the TOJ task, the boundary of the TWI corresponds to the
SOAs at which the participants cannot decide any more the order of arrival for
two stimuli coming from different senses. A similar method applies to the
Simultaneity Judgment Task. In RT tasks, the TWI is deter- mined by the range of
SOAs within which RTs show a multisensory benefit (Mégevand et al., 2013). Such
methods cannot be applied in tasks comprising continuous stimulus presentation and
continuous rhythmic motor performance. Previously a method has been pro- posed
to identify the TWI in bimanual rhythmic movement (see Roy et al., 2017). The
method consists in subtracting the performance in the unimodal conditions from
performance in the multi- modal conditions. Thus, the TWI corresponds to the SOAs
where the aforementioned differences are below zero. As in our previous study, the
TWI in the present study was determined from the variability of the synchronization
(SD asynchrony). Even if the SD asynchrony determined the size of the TWI, in the
present study we also choose to apply this method to gait performance, that is for

CoV step-time and Lyapunov exponent.



To measure temporal recalibration, a statistical model of the evolution of key
variables within a trial was built. To this end, each trial was divided in five temporal
blocks to form the Block repeated measures factor. A block included 56 events and
lasted approximately 40 s, depending on the preferential cadence of each
participant. On average a trial lasted 3.40 min (range: 3.24 min— 3.54 min). The
CoV step-time, SD asynchrony and Mean asynchrony were computed for each
block. Lyapunov exponent was not included in this analysis because it requires long
time series and thus does not allow the trial to be divided into parts (Bruijn, van
Dieén, Meijer, & Beek, 2009).

Finally, to assess the multisensory benefit we compared the performance in
multimodal and unimodal conditions (Stein & Stanford, 2008). We considered only
SD asynchrony, CoV step- time and Lyapunov exponent. The mean of asynchrony

was not treated as an indicator of this benefit.

Results

The data of three out of 22 participants could not be analysed due to
technical problems during the recording of gait performance or incorrect
performance of the task. Data from the remaining 19 participants were submitted

to the following analyses.

Effect of SOA

Summary statistics of CoV step-time, Lyapunov exponent, SD
asynchrony, Mean asynchrony as a function of SOA are presented in Fig. 2.
These were submitted to a repeated-measures Analysis of Variance (ANOVA)
taking SOA (-160 ms, -120 ms, -80 ms, -40 ms, O ms, +40 ms, +80 ms, +120
ms, +160 ms) as the within-subject factor. The ANOVA yielded a significant effect

of the SOAs on CoV step-time, (F(1,18) = 8.34, p < .001, 92 =.14), Mean
asynchrony (F(1,18) =20.45, p <.001, g2 =.50), SD asynchrony (F(1,18) = 4.13,

p <.001, g2 =.17) but not Lyapunov exponent (F(1,18) = 1.44, p = .18). Pairwise
comparisons are reported in Section 3.4. Also, a more in-depth analysis of the
effects of SOA magnitude and sign is reported in Section 3.3. With regard to



synchronization accuracy (i.e., Mean asynchrony) the effect of SOA depends on
the order of presentation of the auditory stimuli (whether they are presented before
or after the tactile stimuli), as can be seen in Fig. 2D. Two additional ANOVAs were
conducted, one on the SOAs when the auditory stimuli preceded the tactile
stimuli (SOAs -160, -120, -80 and -40), and the other when the auditory stimuli
occurred later (SOAs +40, +80, +120 and +160). Mean asynchrony increased

when the auditory stimuli followed the tactile stimuli (F(1,18) = 9.08, p < .001, 92 =
.27). In contrast, we did not find an effect of SOA when auditory stimuli were
presented first (F(1,18) = .17, p = .91).

It is worth noting that the three variables measuring gait stability and
synchronization were highly correlated. An increase of the CoV of step-time was
strongly associated with a larger Lyapunov exponent (r=.90, p <.001), and
greater SD asynchrony (r =.89, p <.001). Moreover, the Lyapunov exponent and

SD asynchrony were strongly positively correlated (r = .89, p < .001).

™wI

To assess the presence and width of a TWI we subtracted from SD
asynchrony and CoV step time the respective average values of uni-auditory and
unitactile conditions. For the Lyapunov exponent, the uni-auditory condition was
subtracted from multimodal conditions due to the differences between unimodal
conditions. As illustrated in Fig. 3, the TWI is represented by the conditions which
were below O (i.e., black bars). For CoV step-time a TWI of 80 ms was identified
between -40 and +40 ms (see Fig. 3A). For SD asynchrony a TWI of 200 ms
between -80 and +120 ms was found (see Fig. 3C). Finally, no TWI was found for

Lyapunov exponent (see Fig. 3B).

Effect of time course

In subsequent analyses, we investigated the time course of CoV step-time,
SD asynchrony and Mean asynchrony. To do so, trials were divided into five
“temporal” blocks, as seen in Fig. 4. The results did not vary as a function of Block in

the unimodal condition.
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Fig. 2. (A) CoV of step-time, (B) Lyapunov exponents, (C) SD asynchrony and (D) Mean
asynchrony as a function of SOAs. Black dashed lines indicate the mean value obtained in
the unimodal auditory condition; grey dashed lines the mean value for the unimodal tactile
condition. Error bars indicate SE of the mean.

The time course of selected dependent variables within trial was fitted using
a statistical model. In order to simultaneously account for the association among
selected performance variables while also controlling for the possible learning effect
of time course and individual baseline levels of performance, we applied a linear
mixed-effects modelling technique developed for the statistical analysis of
longitudinal studies with so-called multilevel designs (Singer & Willet, 2003).
Conceptually, it resembles the regression of an outcome variable against multiple
predictors but can deal simultaneously with predictors at different levels of grouping,
i.e. time-varying predictors such as SOA, [SOA|, and Block, and constant randomly
assigned grouping factors such as participant.

The outcome variables of SD asynchrony, Mean asynchrony and CoV step-

time were fitted independently to the time-varying predictors SOA, |SOA|, and Block.



The analysis was performed using the dedicated statistical package Ime4 (Bates,
Machler, Bolker, & Walker, 2014) for R (R core Team, 2013) and a recommended
model development procedure (Singer & Willet, 2003). In particular, the procedure
consisted of incrementally including the predictors in a hierarchical sequence of
models (see Table 1: models A, B, C, D, E) and evaluating the increase in
goodness-of-fit associated with each expanded model (see Table 1: AlC, BIC, Log-
Likelihood, X?). The order of inclusion is theoretically motivated in order to evaluate a
null hypothesis. A minimal model consisting of a constant intercept (Model A) is
expanded by including the predictors in succession (see Table 1 for details). The
final models are specified in Table 1 and can all be expressed by the equation:

Yii = Boo + o0i + Bo1 [SOA|jj + Boz SOAj + Boz BLOCK; + Bos SOA;BLOCK; + 0j;
where i stands for participant number, j for measurement number, b for estimated
coefficients (comparable to regression coefficients) and r are the random-effects
components of the model (i.e., see Table 1: Variance Components). To interpret the
parameters, con- sider first that the model intercept corresponds to the first
measurement in a trial (Block = 0) and no stimulus onset asynchrony (SOA = 0).
SOA and [SOA| indicate how much the given outcome variable increases as SOA
increases and as the absolute distance from the zero SOA increases, respectively,
whereas the interaction of SOA with Block indicates an effect of Block conditional on
SOA. Both SOA and |SOA| had to be included as predictors due to an observed
small asymmetry in the association of performance measures with positive and
negative SOAs. The results of the linear- mixed effects models as well as the entire
procedure for modelling SD asynchrony are summarized in Table 1.

The statistical model fitted for each performance variable indicated that
increases in absolute asynchrony |[SOA| were associated with increases in variability
of synchronization and gait (SD asynchrony, Mean asynchrony and CoV step-time).
No effect of time course (Block) neither an interaction between Block and SOA was
observed for Mean asynchrony (p = .87). For SD asynchrony and CoV step-time,
the significant negative parameter for the signed SOA (SD asynchrony: b = -.05;
CoV step-time: b = -.001), in combination with the absolute SOA implies an

asymmetry of the effect of SOA whereby negative SOA increases variability more



than positive SOA. The effect of Block on performance was conditioned by signed
SOA (interaction Block'SOA). The negative coefficient for Block (SD asynchrony: b =
-.39; CoV step-time: b =-.04) indicates a positive effect of time on variability: as a
trial progresses the SD asynchrony decreases, suggesting also an increase in
multisensory advantage. To illustrate this, consider the slope at SOA of 160 ms
(auditory first) in Fig. 4A which indicates that the multisensory benefit expressed by
CoV step-time increased over time. The slope is also slightly negative for SD
asynchrony, even though the Block effect did not reach significance in this case (p =
9).
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Fig. 3. Differences between the average of unimodal (A, C) or uni-audio (B) conditions and
multimodal conditions for CoV step-time (A), Lyapunov Exponent (B), and SD asynchrony
(C). The black bars represent the estimated TWI.

Multisensory benefit

To assess whether multimodal stimulation led to a multisensory benefit,
pairwise comparisons among unimodal and SOA conditions were performed using
multiple t-tests (Bonferroni correction, p = .0056) independently on SD
asynchrony, CoV step-time, and Lyapunov exponent. In SD asynchrony, SOA =

0 ms showed an advantage as compared to uni-tactile (t (df = 18)=-4.13, p <



.001) and uni-auditory conditions (t (df = 18)=-3.57, p =.002). Thus, the
synchronous presentation of auditory and tactile stimuli led to a multisensory benefit
in terms of lower synchronization variability. No differences were observed in the
step-intervals variability (CoV step-time) and local stability of gait (Lyapunov
exponent). An advantage of uni-auditory stimulation as compared to uni-tactile
was found (t (df = 18) =-3.32, p = .003) in Lyapunov exponent. No such
difference was observed in CoV step-time (uni-tactile = 2.60; uni-auditory =
2.84), SD asynchrony (uni-tactile = 43.79; uni-auditory = 49.32) and Mean
asynchrony (uni-tactile = -81 ms; uni-auditory = -74 ms).

Discussion

In the present study we investigated the effect of multisensory integration on
gait by asking young adults to walk with audio-tactile stimuli. Variability of gait and
the ability to synchronize steps to the stimuli were examined as a function of the
SOAs between the stimuli. A multisensory benefit was observed. Participants
showed lower variability in the synchronization to audio- tactile stimuli as compared
to unimodal stimulation (tactile or auditory). In addition, as predicted, the temporal
properties of multisensory integration (i.e., TWI and temporal recalibration)
influenced gait performance. Variability between step-times and stimuli onset
was unchanged between -80 and +120 ms SOAs between auditory and tactile
stimuli. These findings provide first evidence about the existence of a TWI in gait
(width around 200 ms) when participants walk to audio-tactile stimuli. Note that
synchronization accuracy varied within the TWI depending on whether auditory
stimuli led or lagged relative to the tactile stim- uli. Moreover, we found that temporal
recalibration influenced the variability of step intervals and of synchronization
exclusively at large SOAs when auditory stimulation preceded tactile stimulation.
Thus, temporal recalibration is influenced by the amount of temporal gap and the

order between the sensory modalities.

Temporal properties in gait

Temporal window of integration



We found that a TWI can be identified in multisensory integration constrained
by performance in ecological conditions rather than isolated perceptual judgements
or single-joint movements. The stability of synchronization was similar within a
window of 200 ms (from -80 to +120 ms). The width of the TWI is comparable to the
value previously found in bimanual tapping (160 ms; Roy et al., 2017).
Interestingly, we confirmed that the TWI found in a rhythmic whole-body task is
larger than the values reported in perceptual judgement tasks. In fact, it was more
than twice larger than the maximum value reported in perceptual tasks (80 ms;
Zampini et al., 2005). However, synchronization accuracy varied within the TWI
and, in addition, was influenced by stimulus order. Thus according to the conditions
of discrepancies between senses (SOAs), participants can put their foot down
either close or far to the stimuli and conjointly presented the same regularity of
synchronization in these same conditions. For some discrepancies between
senses, the sensorimotor system can be both sensitive and stable (i.e., within
the 200 ms of the TWI). This finding can be related with caution to previous
results obtained in the audio- visual modalities showing no link between the TWI
in RT task and TOJ tasks (Mégevand et al., 2013). In Mégevand et al. study
(2013) one sub-group of participants presented a narrowing of the TWI in the RT
task (RT task = 50 ms, TOJ task = 200 ms), while a second one showed
approximately a similar size of the TWI but for different SOAs (RT task = from -80
to 0 ms, TOJ task = from -20 to 50 ms, negative indicated auditory preceded
visual). These results indicate that perceived synchrony is not directly related to the
best performance in a RT task. In the present experiment synchronization accuracy
is not directly related to synchronization variability. We did not consider the
synchronization accuracy as a measure of the perception of synchrony. Participants,
however, were instructed to synchronize their steps with the stimuli. Thus, the mean
asynchrony reflects the moment for which the participants had perceived the
synchrony between their movements and the stimuli. A plausible interpretation is
as follows: despite the sensitivity to discrepancies between stimuli the sensorimotor
system managed to maintain a stable performance. For rhythmic movement, such

as bimanual coordination and gait, the sensorimotor system exhibits considerable



capacity to keep stability in a perturbed multisensory environment. In sum, the TWI
for continuous coordination with rhythmic events in the environment is not defined
solely by the relative sensitivity of the brain to lags between senses but by its

capacity to maintain stable dynamic performance despite the lags between senses.
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Block for each SOA and in unimodal conditions. Each curve represents for each condition
the evolution of the step-intervals variability, of synchronization variability and accuracy over
time.

We defined TWI on the basis of synchronization performance. However, it can



also be estimated by taking into account the variability of step intervals irrespective
of the synchronization to the stimuli (i.e., considering CoV of step time). This
alternative measure provides an estimate of the TWI (i.e., 80 ms) that is narrower
than the one based on synchronization variability. Thus the ability to keep stable
behaviour despite discrepancies between senses may be more constrained. Gait
stability in multimodal conditions with discrepancies is reduced for smaller SOAs as
compared to the synchronization stability. This finding can be related to the pacing
frequency. We decreased the spontaneous gait frequency by 30% in order to
challenge the gait of healthy young adult which is already very regular and stable.
This manipulation increases gait variability (Terrier & Dériaz, 2012) and could
potentially impact the stability of gait more than the stability of synchronization.
Further studies are required to investigate gait and synchronization behaviour at
different pacing frequencies, spontaneous versus decreased by 30%, for example.
This also could indicate that stability afforded locally by synchronizing a limb to

external events is not systematically transmitted to interlimb coordination.

Table 1

Linear mixed-effects models for three outcome variables: SD asynchrony, Mean asynchrony and CoV step-time normalized per participant. For brevity, only the final Model E
{indicated in bold) for the latter two outcome variables is considered. An identical procedure was used in all three cases. The models are specified in terms of the fitted predictor
parameters and random effects {Variance components) Parameter SE is shown in brackets. Participant acts as a grouping factor.

S0 asynchrony Mean CoV step-
asynchrony time
Model A Model B Model C Model D Model E Model E Model E
Fixed effects
fog: Intercept (Block = 0, S0A=0) 3951 35.28 33.08 33.15 33.87 —44.14 (8.76) — 267
(216)" (2277 (2.28) (2370 (2.37) 11y~
Por: ISOA| 04 ooy 07 (01yT L7 (o) 07 [y —21(03) QDo (o1
faa: SOA 003 (0o1)"  —o03(m) —0s(01) 23(02) —0o (o1)"
fia: Block —0.04 (32) —.39 (.33) —1.45 (1.26) —4 01)”
f04: SOA'Block a1 oy L0 (.01) 00 (01)
Varance components
;. Level-1: within-person (residual) 23354 22494 21284 21283 21049 2977.81 27
oy Level-2: Individual intercept {at Block =0, 8470 84.85 85.07 85.08 85.12 1116.70 .20
S0A=0)
CGoodness-of-fit
AIC 872813 8601.64 8636.89 8638.88 8629.53 11396.88 1697.38
BIC 874299 871144 866165 8668.59 8664.19 11431.54 1732.04
Log-Likelihood —4361.07 —4341.82 —4313.44 —4313.44 —4307.76 —5691.44 —84169
)g" 38.50 56.75 .m 11.35 03 4.48
p <001 <001 .80 <001 87 <05

For parameters, **p <001, **p <.01, *p < 05. Observations in each model = 1045. Groups (Participants)= 19.
' The goodness-of-fit test is with respect to the model standing previous in the series of models for the given outcome variable, i.e. Model B with respect to Model A for 5D
async.
’ p=.05.
. p=.01.
p<.001



To sum up, we found evidence of a TWI of 200 ms when participants
walked to audio-tactile stimuli, apparent for synchronization variability. Although
the size of the TWI is wider than observed in perceptual tasks, its width is smaller

when estimated based on step-time variability.

Temporal recalibration

A second temporal process examined in the present study was temporal
recalibration. This phenomenon has been mainly described for perceptual tasks, by
exposing participants to asynchronous stimuli and measuring the effects of repeated
perceptual exposure (Fujisaki, Shimojo, Kashino, & Nishida, 2004; Hanson et al.,
2008; Harrar & Harris, 2008; Navarra et al., 2007). In the pre- sent study we did not
use this method but we expected that some form of temporal recalibration may occur
and influence performance. Results showed that both variability of step intervals and
of synchronization varied with time for the largest SOAs (120 and 160 ms) when
auditory stimuli occurred first. Yet, synchronization accuracy did not vary. This effect
of temporal recalibration is unlikely to result from mere learning or adaptation
because the performance in unimodal and synchronous conditions did not change
over time. Thus, the effect of temporal recalibration is rather likely to be linked to
multisensory integration.

That temporal recalibration occurred when there was large physical
separation between the stimuli (SOA =120 and 160 ms) is particularly interesting.
In perceptual tasks, temporal recalibration during the exposure phase can also occur
at large SOAs. For example, two studies examining temporal recalibration in TOJ
task for audio-tactile pairs (Harrar & Harris, 2008; Navarra et al., 2007), used SOAs in
the exposure phase of 75 and 100 ms, with stimulus durations of 20 and 50 ms,
respectively. We posit that for large SOAs the discrepancy between multimodal
stimuli is clearly perceived at the beginning of a trial, thus leading to a strong
perturbation effect. This would trigger temporal recalibration, which in turn will reduce
the perception of the discrepancy between the stimuli over the trial. This explanation,
albeit it is appealing, will need to be corroborated by further experiments. In

addition, temporal recalibration was conditional on a given order of presentation of



the stimuli (Occelli et al., 2011). In Navarra et al.’s study (Navarra et al., 2007)
temporal recalibration was found when auditory stimuli were presented before tactile
stimuli. With the reverse order, the effect was not replicated (Harrar & Harris, 2008).
Our results are consistent with previous studies by showing that temporal
recalibration influences the performance only when auditory stimuli precede tactile
stimuli. This finding is akin to other effects of the order of presentation often
observed in both TOJ and detection tasks (Bresciani et al., 2005; Fujisaki & Nishida,
2009; Mégevand et al., 2013; Powers, Hillock, & Wallace, 2009; Wilson et al.,
2009). Results are consistent in showing that when the auditory stimulus occurs
before tactile or visual stimuli the performance is worse than when the stimuli occur
in the reverse order. This effect of order will be discussed more extensively
below.

To sum up, the temporal properties of multisensory integration (i.e., TWI and
temporal recalibration) influence gait performance. The second aim of this study
was to examine whether audio- tactile cueing of gait leads to a multisensory

benefit.

Multisensory integration

The results showed a multisensory benefit, as indicated by synchronization
variability, suggesting that audio-tactile stimuli stabilize gait behaviour more than
unimodal stimuli do. However, this effect does not extend to gait stability, as
indicated by CoV step- time and by the Lyapunov exponent. We examine the
relation between synchronization accuracy and stability. Then we will dis- cuss the
effect of the order of presentation.

As expected, maximum benefit is reported when auditory and tactile stimuli
were synchronous (SOA = 0 ms). This finding is generally in keeping with the
majority of experimental studies testing synchronous multimodal stimuli (Elliott et al.,
2010; Lagarde, Zelic, & Mottet, 2012; Wing et al., 2010; Wright & Elliott, 2014;
Zelic et al., 2016). However, this result is particularly interesting if considered in light
of participants’ synchronization accuracy. A difference of approximately 40 ms

between unimodal auditory and unimodal tactile was observed in previous



studies (Lagarde & Kelso, 2006; Muller et al., 2008; Roy et al., 2017). This
difference was not replicated here. With both auditory and tactile unimodal stimuli
the participants’ steps anticipated the stimuli by about 80 ms. This was the case
also when they walked with synchronous audio-tactile stimulation. Note that in our
previous bimanual coordination study conducted using similar multimodal stimuli at
different SOAs, a difference of 46 ms between auditory and tactile unimodal
conditions was found, with best performance in the multimodal condition achieved
when tactile preceded auditory stimuli by 40—-80 ms (Roy et al., 2017). Even though
the relation between synchronization accuracy and variability is not well
understood, it is possible that when there is a difference in mean asynchrony
between unimodal conditions, the most stable behaviour in bimanual coordination is
afforded by an SOA corresponding to this difference. In keeping with the same
logic, lack of difference in synchronization accuracy between unimodal
conditions in gait performance suggests that the most stable behaviour with multi-
modal stimulation can be achieved when stimuli are presented simultaneously.
This relation between synchronization accuracy and variability in unimodal and
multimodal conditions is consistent with the Physiological Synchronicity
Hypothesis (Diederich, 1995; Diederich & Colonius, 2004; Hershenson, 1962;
Raab, 1962). The hypothesis indicates that physiological synchrony is more
important than stimulus synchrony per se, thus the temporal gap is dictated by
neurophysiological sensory transduction and condition processes in different
modalities. In line with this hypothesis, another hypothesis was put forward long
ago to account for delays in rhythmic movement by Fraisse (1980) and Paillard
(1949). This hypothesis was proposed to account for mean negative asynchrony,
typically observed in finger tapping experiments. When asked to tap to
sequences of isochronous sounds, participants tend to anticipate the sound by
20-80 ms, a phenomenon termed “mean negative asynchrony”. According to the
Paillard-Fraisse hypothesis, this phenomenon is due to the constant time
differences between the perception of sound and the cutaneous and
proprioceptive reafferences produced by movement, in order to ensure an

alignment at some central level in the CNS. This explanation at the physiological



level has been extended to the cognitive level more recently (for reviews see
Aschersleben, 2002; Repp, 2005). The results of the present experiment suggest
a link between synchronization accuracy and variability mediated by the
processing time needed by each sensory modality. After having presented this
relation between synchronization variables, we will discuss the effect of order.
The effect of the temporal intervals between auditory and tactile stimuli on
gait performance and on synchronization accuracy and variability is related to the
order of presentation of the stimuli. Larger variability of synchronization and gait
performances is found when auditory stimuli are presented first. This effect may
partly result from auditory capture of synchronization movements (i.e., auditory
dominance). Dominance entails greater perturbation when auditory stimuli are
presented first. One of the explanations of this effect could be the privileged link
between auditory modality and movement (Chen, Penhune, & Zatorre, 2008; Chen,
Zatorre, & Penhune, 2006; Zatorre, Chen, & Penhune, 2007). However, an effect of
order was also observed in both TOJ and detection tasks (Bresciani et al., 2005;
Fujisaki & Nishida, 2009; Mégevand et al., 2013; Powers et al., 2009; Wilson et al.,
2009). In most studies, improved performance (i.e., shorter RTs or better
discrimination) is found when tactile stimuli precede auditory stimuli. A possible
explanation of this effect is linked to the specific characteristic of different modalities.
Typically, the auditory modality is efficient when temporal properties are critical for
the execution of a task, while the visual modality is more appropriate for spatial
properties and the tactile modality for surface discrimination (Welch & Warren,
1980). This specificity may be responsible for the afore- mentioned effect of order.
Note that for all tasks the instructions are explicitly temporal. In reaction-time tasks
participants are asked to respond as quickly as possible, in TOJ, to tell which stimuli
came first and in the sensorimotor synchronization task, to move at the same time
as the stimuli. This effect which is modality- specificity is related to a model and
hypothesis described at the perceptual level. The Modality Appropriateness
hypothesis formulated by Welch and Warren (1986) states that perception gives the
priority to the most appropriate modality based on the task to per- form. For temporal

tasks the auditory modality tends to dominate visual or tactile modalities. This



hypothesis is confirmed by recent studies showing that in synchronization tasks
when the visual stimuli are continuous rather than discrete, such as flashes, the
performance in a visual continuous condition is better than in a visual discrete
condition (Armstrong & Issartel, 2014; Gan, Huang, Zhou, Qian, & Wu, 2015;
Hove, Fairhurst, Kotz, & Keller, 2013; Iversen, Patel, Nicodemus, & Emmorey,
2015; Varlet, Marin, Issartel, Schmidt, & Bardy, 2012). It is worth noting that it is
possible to limit this effect by reducing the reliability of the dominant modality
(Maximum Likelihood Model, MLE; Elliott et al., 2010; Ernst & Bulthoff, 2004).

In synchronization tasks, reducing the reliability of the auditory modality, for
example by using a jittered metronome, fosters multisensory integration. In contrast,
when auditory stimuli are reliable, the effect of multisensory integration is not
found (Elliott et al., 2010). It is likely that the MLE model and the Modality
Appropriateness hypothesis can coexist depending on the situation. For example,
when perception is reliable, the appropriate modality is associated to the task to
perform. In contrast, in situations of ambiguous or unreliable perception, the non-
appropriate modalities can supplement the ambiguous modality (Lunghi, Binda, &
Morrone, 2010; Lunghi & Morrone, 2013; van Ee, van Bowtel, Parker, & Alais, 2009).
Our tasks corresponds to the first situation, thereby the auditory modality appears to
act as the appropriate modality. Note that even if the instruction of synchronization
with the tactile stimuli counteracted the auditory capture, the effect of auditory

dominance could not be completely erased, as indicated by the order effect.

Conclusion

In this study we report for the first time a multisensory benefit due to audio-
tactile stimulation on gait in healthy young adults. In addition, we show that temporal
properties engaged during multi- sensory integration as shown in perceptual studies,
namely the TWI and temporal recalibration, generalize to continuous and rhythmic
movement. This experiment suggests that the brain is constantly seeking to achieve
temporal synchrony. If the environment does not afford this, then the brain will seek
an alternative solution, within a temporal window of integration and using tem- poral

recalibration. These properties are influenced by the order of presentation of



multimodal stimuli.
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Footnote

We observed a difference in the SD of the time between the heel-strikes
for the right and the left feet and of the time between the heel-strikes of the left and
the right feet. This is probably the consequence of having participants walk on an
ellipsoidal track. As a result, the SD in each case was computed separately and

finally averaged.

Acknowledgements

We would like to thank the Editor and the Reviewer for the helpful remarks on
the manuscript. In addition, we would like to thank Simon Pla for his help with the
engineering part of the project, and Roman Goulard for his insightful comments

about the study rationale and analysis.

References

Armstrong, A., & Issartel, J. (2014). Sensorimotor synchronization with audio-visual
stimuli: Limited multisensory integration. Experimental Brain Research,
232(11), 3453—3463. http://dx.doi.org/10.1007/s00221-014-4031-9.

Aschersleben, G. (2002). Temporal control of movements in sensorimotor
synchronization. Brain and Cognition, 48(1), 66—79.
http://dx.doi.org/10.1006/ brcg.2001.1304.

Aschersleben, G., & Bertelson, P. (2003). Temporal ventriloquism:
Crossmodal interaction on the time dimension. 2. Evidence from
sensorimotor synchronization. International Journal of
Psychophysiology, 50, 157—-163. http:// dx.doi.org/10.1016/S0167-


http://dx.doi.org/10.1007/s00221-014-4031-9
http://dx.doi.org/10.1006/brcg.2001.1304
http://dx.doi.org/10.1006/brcg.2001.1304
http://dx.doi.org/10.1016/S0167-8760
http://dx.doi.org/10.1016/S0167-8760

8760.

Bates, D., Machler, M., Bolker, B., & Walker, S. (2014). Fitting linear mixed-
effects models using Ime4. Computation, 1406, 5823. Retrieved from
http://arxiv.org/ abs/1406.5823.

Blais, M., Albaret, J.-M., & Tallet, J. (2015). Is there a link between
sensorimotor coordination and inter-manual coordination? Differential
effects of auditory and/or visual rhythmic stimulations. Experimental
Brain Research, 233(11), 3261-3269.
http://dx.doi.org/10.1007/s00221-015-4394-6.

Bresciani, J. P., Ernst, M. O., Drewing, K., Bouyer, G., Maury, V., & Kheddar, A.
(200%5). Feeling what you hear: Auditory signals can modulate tactile tap
perception. Experimental Brain Research, 162(2), 172-180.
http://dx.doi.org/10.1007/ s00221-004-2128-2.

Bruijn, S. M., Meijer, O. G., Beek, P. J., & Van Dieén, J. H. (2013). Assessing the
stability of human locomotion: A review of current measures. Journal of
the Royal Society Interface, 10(83), 20120999. http://dx.doi.org/10.1098/
rsif.2012.0999.

Bruijn, S. M., van Dieén, J. H., Meijer, O. G., & Beek, P. J. (2009). Statistical
precision and sensitivity of measures of dynamic gait stability. Journal of
Neuroscience Methods, 178(2), 327-333.
http://dx.doi.org/10.1016/j.jneumeth.2008.12.015.

Chen, J. L., Penhune, V. B., & Zatorre, R. J. (2008). Listening to musical
rhythms recruits motor regions of the brain. Cerebral Cortex, 18(12), 2844—
2854. http:// dx.doi.org/10.1093/cercor/bhn042.

Chen, H. Y., Wing, A. M., & Pratt, D. (2006). The synchronisation of lower
limb responses with a variable metronome: The effect of
biomechanical constraints on timing. Gait Posture, 23(3), 307-314.
http://dx.doi.org/10.1016/ j.gaitpost.2005.04.001.

Chen, J. L., Zatorre, R. J., & Penhune, V. B. (2006). Interactions between auditory
and dorsal premotor cortex during synchronization to musical rhythms.
Neurolmage, 32(4), 1771-1781. http://dx.doi.org/10.1016/].


http://dx.doi.org/10.1016/S0167-8760
http://arxiv.org/abs/1406.5823
http://arxiv.org/abs/1406.5823
http://dx.doi.org/10.1007/s00221-015-4394-6
http://dx.doi.org/10.1007/s00221-004-2128-2
http://dx.doi.org/10.1007/s00221-004-2128-2
http://dx.doi.org/10.1098/rsif.2012.0999
http://dx.doi.org/10.1098/rsif.2012.0999
http://dx.doi.org/10.1016/j.jneumeth.2008.12.015
http://dx.doi.org/10.1093/cercor/bhn042
http://dx.doi.org/10.1093/cercor/bhn042
http://dx.doi.org/10.1016/j.gaitpost.2005.04.001
http://dx.doi.org/10.1016/j.gaitpost.2005.04.001
http://dx.doi.org/10.1016/j.neuroimage.2006.04.207

neuroimage.2006.04.207.

Colonius, H., & Diederich, A. (2004). Multisensory interaction in saccadic
reaction time: A time-window-of-integration model. Journal of
Cognitive Neuroscience, 16 (6), 1000—1009.
http://dx.doi.org/10.1162/0898929041502733.

Colonius, H., Diederich, A., & Steenken, R. (2009). Time-window-of-
integration (TWIN) model for saccadic reaction time: Effect of auditory
masker level on visual-auditory spatial interaction in elevation. Brain
Topography, 21(3—4), 177-184. http://dx.doi.org/10.1007/s10548-009-
0091-8.

Diederich, A. (1995). Intersensory facilitation of reaction time: Evaluation of
counter and diffusion coactivation models. Journal of Mathematical
Psychology, 39, 197-215. http://dx.doi.org/10.1006/jmps.1995.1020.

Diederich, A., & Colonius, H. (2004). Bimodal and trimodal multisensory
enhancement: Effects of stimulus onset and intensity on reaction time.
Perception & Psychophysics, 66(8), 1388—1404.
http://dx.doi.org/10.3758/ BF03195006.

Dingwell, J. B., Cusumano, J. P., Sternad, D., & Cavanagh, P. R. (2000). Slower
speeds in patients with diabetic neuropathy. Journal of Biomechanics, 33,
1269-1277. http://dx.doi.org/10.1016/S0021-9290(00)00092-0.

Dotov, D. G., Bardy, B. G., & Dalla Bella, S. (2016). The role of environmental
constraints in walking: Effects of steering and sharp turns on gait
dynamics. Scientific Reports, 6, 28374.
http://dx.doi.org/10.1038/srep28374.

Elliott, M. T., Wing, A. M., & Welchman, A. E. (2010). Multisensory cues improve
sensorimotor synchronisation. European Journal of Neuroscience,
31(10), 1828—-1835. http://dx.doi.org/10.1111/j.1460-9568.2010.07205.x.

Ernst, M. O., & Bulthoff, H. H. (2004). Merging the senses into a robust
percept. Trends in Cognitive Sciences, 8(4), 162—169.
http://dx.doi.org/10.1016/j. tics.2004.02.002.

Fain, G. L. (2003). Sensory transduction. Sunderlands, Massachusetts: Sinauers


http://dx.doi.org/10.1016/j.neuroimage.2006.04.207
http://dx.doi.org/10.1162/0898929041502733
http://dx.doi.org/10.1007/s10548-009-0091-8
http://dx.doi.org/10.1007/s10548-009-0091-8
http://dx.doi.org/10.1006/jmps.1995.1020
http://dx.doi.org/10.3758/BF03195006
http://dx.doi.org/10.3758/BF03195006
http://dx.doi.org/10.1016/S0021-9290(00)00092-0
http://dx.doi.org/10.1038/srep28374
http://dx.doi.org/10.1111/j.1460-9568.2010.07205.x
http://dx.doi.org/10.1016/j.tics.2004.02.002
http://dx.doi.org/10.1016/j.tics.2004.02.002
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0100

Publishers.

Fraisse, P. (1980). Les synchronisations sensori-motrices aux rythmes [The
sensorimotor synchronization of rhythms]. In J. Requin (Ed.), Anticipations
et comportements (pp. 233—-257). Paris: Centre National.

Frissen, I., Ziat, M., Campion, G., Hayward, V., & Guastavino, C. (2012). The
effects of voluntary movements on auditory-haptic and haptic-haptic
temporal order judgments. Acta Psychologica, 141, 140—-148.
http://dx.doi.org/10.1016/j. actpsy.2012.07.010.

Fujisaki, W., & Nishida, S. (2009). Audio-tactile superiority over visuo-tactile
and audio-visual combinations in the temporal resolution of synchrony
perception. Experimental Brain Research, 198, 245—-259.
http://dx.doi.org/10.1007/s00221- 009-1870-x.

Fujisaki, W., Shimojo, S., Kashino, M., & Nishida, S. (2004). Recalibration of
audiovisual simultaneity. Nature Neuroscience, 7(7), 773—778.
http://dx.doi. org/10.1167/3.9.34.

Gan, L., Huang, Y., Zhou, L., Qian, C., & Wu, X. (2015). Synchronization to a
bouncing ball with a realistic motion trajectory. Scientific Reports, 5(1),
11974. http://dx. doi.org/10.1038/srep11974.

Gates, D. H., & Dingwell, J. B. (2009). Comparison of different state space
definitions for local dynamic stability analyses. Journal of Biomechanics,
42(9), 1345-1349. http://dx.doi.org/10.1016/j.jbiomech.2009.03.015.

Hanson, J. V. M., Heron, J., & Whitaker, D. (2008). Recalibration of perceived
time across sensory modalities. Experimental Brain Research, 185(2),
347-352. http:// dx.doi.org/10.1007/s00221-008-1282-3.

Harrar, V., & Harris, L. R. (2008). The effect of exposure to asynchronous audio,
visual, and tactile stimulus combinations on the perception of simultaneity.
Experimental Brain Research, 186(4), 517-524.
http://dx.doi.org/10.1007/ s00221-007-1253-0.

Harris, L., Harrar, V., Jaekl, P., & Kopinska, A. (2009). Mechanisms of
simultaneity constancy. In R. Nijhawan & B. Khurana (Eds.), Space and

time in perception and action (pp. 232—-253). Cambridge: Cambridge


http://refhub.elsevier.com/S0278-2626(16)30187-7/h0100
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0105
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0105
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0105
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0105
http://dx.doi.org/10.1016/j.actpsy.2012.07.010
http://dx.doi.org/10.1016/j.actpsy.2012.07.010
http://dx.doi.org/10.1007/s00221-009-1870-x
http://dx.doi.org/10.1007/s00221-009-1870-x
http://dx.doi.org/10.1167/3.9.34
http://dx.doi.org/10.1167/3.9.34
http://dx.doi.org/10.1038/srep11974
http://dx.doi.org/10.1038/srep11974
http://dx.doi.org/10.1016/j.jbiomech.2009.03.015
http://dx.doi.org/10.1007/s00221-008-1282-3
http://dx.doi.org/10.1007/s00221-008-1282-3
http://dx.doi.org/10.1007/s00221-007-1253-0
http://dx.doi.org/10.1007/s00221-007-1253-0
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0145
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0145
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0145
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0145
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0145

University Press.

Hershenson, M. (1962). Reaction time as a measure of intersensory
facilitation. Journal of Experimental Psychology, 63(3), 289.

Hove, M. J., Fairhurst, M. T., Kotz, S. A., & Keller, P. E. (2013). Synchronizing
with auditory and visual rhythms: An fMRI assessment of modality
differences and modality appropriateness. Neurolmage, 67, 313—-321.
http://dx.doi.org/10.1016/ j.neuroimage.2012.11.032.

Hughes, H. C., Reuter-Lorenz, P. A., Nozawa, G., & Fendrich, R. (1994). Visual-
auditory interactions in sensorimotor processing: Saccades versus manual
responses. Journal of Experimental Psychology: Human Perception and
Performance, 20(1), 131-153. http://dx.doi.org/10.1037/0096-
1523.20.1.131.

Iversen, J. R., Patel, A. D., Nicodemus, B., & Emmorey, K. (2015). Synchronization
to auditory and visual rhythms in hearing and deaf individuals. Cognition,
134, 232-244.  http://dx.doi.org/10.1016/j.cognition.2014.10.018.

Ivkovic, V., Fisher, S., & Paloski, W. H. (2016). Smartphone-based tactile
cueing improves motor performance in Parkinson’s disease.
Parkinsonism and Related Disorders, 22, 42—47 .
http://dx.doi.org/10.1016/j.parkreldis.2015.11.006.

Johansson, R., & Vallbo, A. (1979). Tactile sensibility in the human hand:
Relative and absolute densities of four types of mechanoreceptive units
in glabrous skin. The Journal of Physiology, 286, 283—-300.

Johansson, R., & Vallbo, A. (1983). Tactile sensory coding in the glabrous
skin of the human hand. Trends in Neurosciences, 6, 27—-32.
http://dx.doi.org/10.1016/0166- 2236(83)90011-5.

Kang, H. G., & Dingwell, J. B. (2009). Dynamics and stability of muscle activations
during walking in healthy young and older adults. Journal of
Biomechanics, 42 (14), 2231-2237.
http://dx.doi.org/10.1016/j.jpbiomech.2009.06.038.

Kato, M., & Konishi, Y. (2006). Auditory dominance in the error correction process: A
synchronized tapping study. Brain Research, 1084(1), 115-122.


http://refhub.elsevier.com/S0278-2626(16)30187-7/h0145
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0150
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0150
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0150
http://dx.doi.org/10.1016/j.neuroimage.2012.11.032
http://dx.doi.org/10.1016/j.neuroimage.2012.11.032
http://dx.doi.org/10.1037/0096-1523.20.1.131
http://dx.doi.org/10.1037/0096-1523.20.1.131
http://dx.doi.org/10.1016/j.cognition.2014.10.018
http://dx.doi.org/10.1016/j.parkreldis.2015.11.006
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0175
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0175
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0175
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0175
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0175
http://dx.doi.org/10.1016/0166-2236(83)90011-5
http://dx.doi.org/10.1016/0166-2236(83)90011-5
http://dx.doi.org/10.1016/j.jbiomech.2009.06.038

http://dx.doi. org/10.1016/j.brainres.2006.02.019.

Kitagawa, N., Zampini, M., & Spence, C. (2005). Audiotactile interactions in near
and far space. Experimental Brain Research, 166(3—4), 528-537.
http://dx.doi.org/ 10.1007/s00221-005-2393-8.

Lagarde, J., & Kelso, J. A. S. (2006). Binding of movement, sound and touch:
Multimodal coordination dynamics. Experimental Brain Research,
173(4), 673—688. http://dx.doi.org/10.1007/s00221-006-0410-1.

Lagarde, J., Zelic, G., & Mottet, D. (2012). Segregated audio-tactile events
destabilize the bimanual coordination of distinct rhythms. Experimental
Brain Research, 219 (3), 409-419. http://dx.doi.org/10.1007/s00221-
012-3103-y.

Lange, K., & Rdder, B. (2006). Orienting attention to points in time improves
stimulus processing both within and across modalities. Journal of
Cognitive Neuroscience, 18(5), 715-729.
http://dx.doi.org/10.1162/jocn.2006.18.5.715.

Lestienne, R. (2001). Spike timing, synchronization and information
processing on the sensory side of the central nervous system.
Progress in Neurobiology, 65(6), 545-591.
http://dx.doi.org/10.1016/S0301-0082(01)00019-3.

Lim, I., van Wegen, E., de Goede, C., Deutekom, M., Nieuwboer, A., Willems, A.,
... Kwakkel, G. (2005). Effects of external rhythmical cueing on gait in
patients with Parkinson’s disease: A systematic review. Clinical
Rehabilitation, 19(19), 695-713.

Linares, D., Cos, |., & Roseboom, W. (2016). Adaptation for multisensory relative
timing. Current Opinion in Behavioral Sciences, 8, 35—41. http://dx.doi.org/
10.1016/j.cobeha.2016.01.005.

Lunghi, C., Binda, P., & Morrone, M. C. (2010). Touch disambiguates
rivalrous perception at early stages of visual analysis. Current Biology,
20(4), R143—-R144.

Lunghi, C., & Morrone, M. C. (2013). Early interaction between vision and touch

during binocular rivalry. Multisensory Research, 26(3), 291-306.


http://dx.doi.org/10.1016/j.brainres.2006.02.019
http://dx.doi.org/10.1016/j.brainres.2006.02.019
http://dx.doi.org/10.1007/s00221-005-2393-8
http://dx.doi.org/10.1007/s00221-005-2393-8
http://dx.doi.org/10.1007/s00221-006-0410-1
http://dx.doi.org/10.1007/s00221-012-3103-y
http://dx.doi.org/10.1007/s00221-012-3103-y
http://dx.doi.org/10.1162/jocn.2006.18.5.715
http://dx.doi.org/10.1016/S0301-0082(01)00019-3
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0220
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0220
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0220
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0220
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0220
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0220
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0220
http://dx.doi.org/10.1016/j.cobeha.2016.01.005
http://dx.doi.org/10.1016/j.cobeha.2016.01.005
http://refhub.elsevier.com/S0278-2626(16)30187-7/h9005
http://refhub.elsevier.com/S0278-2626(16)30187-7/h9005
http://refhub.elsevier.com/S0278-2626(16)30187-7/h9005
http://refhub.elsevier.com/S0278-2626(16)30187-7/h9005
http://refhub.elsevier.com/S0278-2626(16)30187-7/h9015
http://refhub.elsevier.com/S0278-2626(16)30187-7/h9015

Malatesta, D., Simar, D., Dauvilliers, Y., Candau, R., Borrani, F., Prefaut, C., &
Caillaud, C. (2003). Energy cost of walking and gait instability in healthy
65- and 80-yr-olds. Journal of Applied Physiology, 95(6), 2248—2256.
http://dx.doi.org/ 10.1152/japplphysiol.01106.2002.

Mancini, M., King, L., Salarian, A., Holmstrom, L., McNames, J., & Horak, F. B.
(2011). Mobility lab to assess balance and gait with synchronized body-
worn sensors. Journal of Bioengineering & Biomedical Science, Suppl. 1,
7. http://dx.doi.org/ 10.4172/2155-9538.51-007.

Marchese, R., Diverio, M., Zucchi, F., Lentino, C., & Abbruzzese, G. (2000). The
role of sensory cues in the rehabilitation of parkinsonian patients: A
comparison of two physical therapy protocols. Movement Disorders,
15(5), 879-883. Retrieved from
http://www.ncbi.nim.nih.gov/pubmed/11009194.

Mégevand, P., Molholm, S., Nayak, A., & Foxe, J. J. (2013). Recalibration of the
multisensory temporal window of integration results from changing task
demands. PloS One, 8(8), e71608. http://dx.doi.org/10.1371/journal.
pone.0071608.

Meredith, M. A., Nemitz, J., & Stein, B. (1987). Determinants of multisensory
integration in superior colliculus neurons. |I. Temporal factors. The Journal
of Neuroscience, 7(10), 3215-3229. doi: citeulike-article-id:409430.

Morris, M., Huxham, F., McGinley, J., & lansek, R. (2001). Gait disorders and
gait rehabilitation in Parkinson’s disease. Advance Neurology, 87, 347—
361.

Mdaller, K., Aschersleben, G., Schmitz, F., Schnitzler, A., Freund, H.-J., Prinz, W.,
& Freund, A. S. H. (2008). Inter-versus intramodal integration in
sensorimotor synchronization: A combined behavioral and
magnetoencephalographic study. Experimental Brain Research, 185(2),
309-318. http://dx.doi.org/10.1007/ s00221-007-1155-1.

Murray, M., Molholm, S., Michel, C., Heslenfeld, D., Ritter, W., Javitt, D.,
Schroeder, C. E., & Foxe, J. (2005). Grabbing your ear: Rapid auditory-

somatosensory multisensory interactions in low-level sensory cortices are


http://dx.doi.org/10.1152/japplphysiol.01106.2002
http://dx.doi.org/10.1152/japplphysiol.01106.2002
http://dx.doi.org/10.4172/2155-9538.S1-007
http://dx.doi.org/10.4172/2155-9538.S1-007
http://www.ncbi.nlm.nih.gov/pubmed/11009194
http://dx.doi.org/10.1371/journal.pone.0071608
http://dx.doi.org/10.1371/journal.pone.0071608
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0250
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0250
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0250
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0250
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0255
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0255
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0255
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0255
http://dx.doi.org/10.1007/s00221-007-1155-1
http://dx.doi.org/10.1007/s00221-007-1155-1

not constrained by stimulus alignment. Cerebral Cortex, 15(7), 963—-974.
http://dx.doi.org/10.1093/ cercor/bhh197.

Navarra, J., Soto-Faraco, S., & Spence, C. (2007). Adaptation to audiotactile
asynchrony. Neuroscience Letters, 413(1), 72—76.
http://dx.doi.org/10.1016/j. neulet.2006.11.027.

Navarra, J., Soto-Faraco, S., & Spence, C. (2014). Discriminating speech
rhythms in audition, vision, and touch. Acta Psychologica, 151, 197-205.
http://dx.doi.org/ 10.1016/j.actpsy.2014.05.021.

Navarra, J., Vatakis, A., Zampini, M., Soto-Faraco, S., Humphreys, W., &
Spence, C. (2005). Exposure to asynchronous audiovisual speech
extends the temporal window for audiovisual integration. Cognitive Brain
Research, 25(2), 499-507.
http://dx.doi.org/10.1016/j.cogbrainres.2005.07.009.

Nicolas, S. (1997). On the speed of different senses and nerve transmission
by Hirsch (1862). Psychological Research, 59(4), 261-268.
http://dx.doi.org/ 10.1007/BF00439303.

Ocecelli, V., Spence, C., & Zampini, M. (2008). Audiotactile temporal order
judgments in sighted and blind individuals. Neuropsychologia, 46,
2845-2850. http://dx.doi. org/10.1016/j.neuropsychologia.2008.05.023.

Ocecelli, V., Spence, C., & Zampini, M. (2011). Audiotactile interactions in
temporal perception. Psychonomic Bulletin & Review, 18(3), 429—-454.
http://dx.doi.org/ 10.3758/s13423-011-0070-4.

Osedelets, V. (1968). RcA multiplicative ergodic theorem. Lyapunov
characteristic numbers for dynamical systems. Transactions of the
Moscow Mathematical Society, 19, 197-231.

Paillard, J. (1949). Quelques données psychophysiologiques relatives au
déclenchement de la commande motrice [Some psychophysiological
data relating to the triggering of motor commands]. L’Année
Psychologique, 48, 28—47.

Parise, C., & Ernst, M. (2016). Correlation detection as a general mechanism for

multisensory integration. Nature Communications, 7, 11543.


http://dx.doi.org/10.1093/cercor/bhh197
http://dx.doi.org/10.1093/cercor/bhh197
http://dx.doi.org/10.1016/j.neulet.2006.11.027
http://dx.doi.org/10.1016/j.neulet.2006.11.027
http://dx.doi.org/10.1016/j.actpsy.2014.05.021
http://dx.doi.org/10.1016/j.actpsy.2014.05.021
http://dx.doi.org/10.1016/j.cogbrainres.2005.07.009
http://dx.doi.org/10.1007/BF00439303
http://dx.doi.org/10.1007/BF00439303
http://dx.doi.org/10.1016/j.neuropsychologia.2008.05.023
http://dx.doi.org/10.1016/j.neuropsychologia.2008.05.023
http://dx.doi.org/10.3758/s13423-011-0070-4
http://dx.doi.org/10.3758/s13423-011-0070-4
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0300
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0300
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0300
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0300
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0300
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0305
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0305
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0305
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0305
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0305
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0305

http://dx.doi.org/ 10.1038/ncomms11543.

Powers, A. R., Hillock, A. R., & Wallace, M. T. (2009). Perceptual training
narrows the temporal window of multisensory binding. Journal of
Neuroscience, 29(39), 12265-12274.
http://dx.doi.org/10.1523/JNEUROSCI.3501-09.2009.

Purves, D., Augustine, G., Fitzpatrick, D., Katz, L., Lamantia, S., & McNamara, J.
(1997). Neuroscience. Sunderlands, Massachusetts: Sinauers Publishers.

R core Team (2013). R: A language and environment for statistical
computing. Vienna, Austria: R foundation for statistical computing.

Raab, D. (1962). Statistical facilitation of simple reaction time. Transactions
of the New York Academy of Sciences, 43, 574—590.
http://dx.doi.org/10.1017/ CBO9781107415324.004.

Repp, B. H. (2005). Sensorimotor synchronization: A review of the tapping
literature. Psychonomic Bulletin & Review, 12(6), 969—992.
http://dx.doi.org/ 10.3758/BF03206433.

Repp, B. H., & Penel, A. (2002). Auditory dominance in temporal processing:
New evidence from synchronization with simultaneous visual and
auditory sequences. Journal of Experimental Psychology. Human
Perception and Performance, 28(5), 1085-1099.
http://dx.doi.org/10.1037/0096-1523.28.5.1085.

Repp, B. H., & Penel, A. (2004). Rhythmic movement is attracted more
strongly to auditory than to visual rhythms. Psychological Research,
68, 252—-270. http://dx. doi.org/10.1007/s00426-003-0143-8.

Rosenstein, M. T., Collins, J. J., & De Luca, C. J. (1993). A practical method for
calculating largest Lyapunov exponents from small data sets. Physica D,
65(617), 117.

Roy, C., Dalla Bella, S., & Lagarde, J. (2017). To bridge or not to bridge the
multisensory time gap: Bimanual coordination to sound and touch
with temporal lags. Experimental Brain Research, 235(1), 135—151.
http://dx.doi.org/ 10.1007/s00221-016-4776-4.

Schroeder, C. E., Lakatos, P., Kajikawa, Y., Partan, S., & Puce, A. (2008).


http://dx.doi.org/10.1038/ncomms11543
http://dx.doi.org/10.1038/ncomms11543
http://dx.doi.org/10.1523/JNEUROSCI.3501-09.2009
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0325
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0325
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0325
http://dx.doi.org/10.1017/CBO9781107415324.004
http://dx.doi.org/10.1017/CBO9781107415324.004
http://dx.doi.org/10.3758/BF03206433
http://dx.doi.org/10.3758/BF03206433
http://dx.doi.org/10.1037/0096-1523.28.5.1085
http://dx.doi.org/10.1037/0096-1523.28.5.1085
http://dx.doi.org/10.1007/s00426-003-0143-8
http://dx.doi.org/10.1007/s00426-003-0143-8
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0350
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0350
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0350
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0350
http://dx.doi.org/10.1007/s00221-016-4776-4
http://dx.doi.org/10.1007/s00221-016-4776-4

Neural oscillations and visual amplification of speech. Trends in
Cognitive Sciences, 12 (3), 106—-113.
http://dx.doi.org/10.1016/j.tics.2008.01.002.Neuronal.

Sejdic’, E., Fu, Y., Pak, A., Fairley, J. A., & Chau, T. (2012). The effects of rhythmic
sensory cues on the temporal dynamics of human gait. PLoS ONE, 7(8),
e43104. http://dx.doi.org/10.1371/journal.pone.0043104.

Shams, L., & Seitz, A. R. (2008). Benefits of multisensory learning. Trends in
Cognitive Sciences, 12(11), 411-417.
http://dx.doi.org/10.1016/j.tics.2008.07.006.

Singer, J. D., & Willet, J. B. (2003). Applied longitudinal data analysis: Modeling
change and event occurrence. New York: Oxford University Press.

Spaulding, S. J., Barber, B., Colby, M., Cormack, B., Mick, T., & Jenkins, M. E.
(2013). Cueing and gait improvement among people with Parkinson’s
disease: A meta- analysis. Archives of Physical Medicine and
Rehabilitation, 94(3), 562—-570. http://
dx.doi.org/10.1016/j.apmr.2012.10.026.

Spence, C., & Squire, S. (2003). Multisensory integration: Maintaining the
perception of synchrony. Current Biology, 13(13), 519-521.
http://dx.doi.org/10.1016/ S0960-9822(03)00445-7.

Stein, B. E., & Meredith, M. A. (1993). The merging of the senses. Cambridge
Mass: MIT Press.

Stein, B. E., & Stanford, T. R. (2008). Multisensory integration: Current issues
from the perspective of the single neuron. Nature Reviews
Neuroscience, 9(4), 255-266. http://dx.doi.org/10.1038/nrn2331.

Stetson, C., Cui, X., Montague, P. R., & Eagleman, D. M. (2006). Motor-sensory
recalibration leads to an illusory reversal of action and sensation. Neuron,
51(5), 651-659. http://dx.doi.org/10.1016/j.neuron.2006.08.006.

Suteerawattananon, M., Morris, G. S., Etnyre, B. R., Jankovic, J., & Protas, E. J.
(2004). Effects of visual and auditory cues on gait in individuals with
Parkinson’s disease. Journal of the Neurological Sciences, 219(1-2), 63—69.
http://dx.doi.org/ 10.1016/j.jns.2003.12.007.


http://dx.doi.org/10.1016/j.tics.2008.01.002.Neuronal
http://dx.doi.org/10.1371/journal.pone.0043104
http://dx.doi.org/10.1016/j.tics.2008.07.006
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0375
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0375
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0375
http://dx.doi.org/10.1016/j.apmr.2012.10.026
http://dx.doi.org/10.1016/j.apmr.2012.10.026
http://dx.doi.org/10.1016/S0960-9822(03)00445-7
http://dx.doi.org/10.1016/S0960-9822(03)00445-7
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0390
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0390
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0390
http://dx.doi.org/10.1038/nrn2331
http://dx.doi.org/10.1016/j.neuron.2006.08.006
http://dx.doi.org/10.1016/j.jns.2003.12.007
http://dx.doi.org/10.1016/j.jns.2003.12.007

Terrier, P., & Dériaz, O. (2012). Persistent and anti-persistent pattern in
stride-to- stride variability of treadmill walking: Influence of rhythmic
auditory cueing. Human Movement Science, 31(6), 1585-1597.
http://dx.doi.org/10.1016/j. humov.2012.05.004.

van Ee, R., van Boxtel, J. J., Parker, A. L., & Alais, D. (2009). Multisensory
congruency as a mechanism for attentional control over perceptual
selection. The Journal of Neuroscience, 29(37), 11641-11649.

van Wegen, E., de Goede, C., Lim, |., Rietberg, M., Nieuwboer, A., Willems, A.,
... Kwakkel, G. (2006). The effect of rhythmic somatosensory cueing on
gait in patients with Parkinson’s disease. Journal of the Neurological
Sciences, 248(1-2), 210-214.
http://dx.doi.org/10.1016/j.jns.2006.05.034.

Varlet, M., Marin, L., Issartel, J., Schmidt, R. C., & Bardy, B. G. (2012).
Continuity of visual and auditory rhythms influences sensorimotor
coordination. PLoS ONE, 7 (9), e44082.
http://dx.doi.org/10.1371/journal.pone.0044082.

Voss, M., Ingram, J. N., Haggard, P., & Wolpert, D. M. (2006). Sensorimotor
attenuation by central motor command signals in the absence of
movement. Nature Neuroscience, 9(1), 26-27.
http://dx.doi.org/10.1038/nn1592.

Vroomen, J., & Keetels, M. (2010). Perception of intersensory synchrony: A
tutorial review. Attention, Perception & Psychophysics, 72(4), 871-884.
http://dx.doi.org/ 10.3758/APP.72.4.871.

Weinstein, S. (1968). Intensive and extensive aspects of tactile sensitivity as a
function of body part, sex and laterality. In D. Kenshal (Ed.), The skin
senses. Springfield, IL: Thomas.

Welch, R. B., & Warren, D. H. (1980). Immediate perceptual response to
intersensory discrepancy. Psychological Bulletin, 88(3), 638—667.
http://dx.doi.org/10.1037/0033-2909.88.3.638.

Welch, R. B., & Warren, D. H. (1986). Intersensory interactions. In K. R. Boff, L.
Kauffman, & T. J. P (Eds.). Handbook of perception and human


http://dx.doi.org/10.1016/j.humov.2012.05.004
http://dx.doi.org/10.1016/j.humov.2012.05.004
http://refhub.elsevier.com/S0278-2626(16)30187-7/h9020
http://refhub.elsevier.com/S0278-2626(16)30187-7/h9020
http://refhub.elsevier.com/S0278-2626(16)30187-7/h9020
http://refhub.elsevier.com/S0278-2626(16)30187-7/h9020
http://refhub.elsevier.com/S0278-2626(16)30187-7/h9020
http://dx.doi.org/10.1016/j.jns.2006.05.034
http://dx.doi.org/10.1371/journal.pone.0044082
http://dx.doi.org/10.1038/nn1592
http://dx.doi.org/10.3758/APP.72.4.871
http://dx.doi.org/10.3758/APP.72.4.871
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0435
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0435
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0435
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0435
http://dx.doi.org/10.1037/0033-2909.88.3.638
http://dx.doi.org/10.1037/0033-2909.88.3.638
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0445
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0445

performance (Vol. 1). New York: John Wiley.

Wilson, E. C., Reed, C. M., & Braida, L. D. (2009). Integration of auditory and
vibrotactile stimuli: Effects of phase and stimulus-onset asynchrony. The
Journal of the Acoustical Society of America, 126(4), 1960-1974.

Wing, A. M., Doumas, M., & Welchman, A. E. (2010). Combining
multisensory temporal information for movement synchronisation.
Experimental Brain Research, 200, 277—-282.
http://dx.doi.org/10.1007/s00221-009-2134-5.

Wittwer, J. E., Webster, K. E., & Hill, K. (2013). Music and metronome cues
produce different effects on gait spatiotemporal measures but not gait
variability in healthy older adults. Gait & Posture, 37(2), 219-222.
http://dx.doi.org/10.1016/ j.gaitpost.2012.07.006.

Wright, R. L., & Elliott, M. T. (2014). Stepping to phase-perturbed metronome
cues: Multisensory advantage in movement synchrony but not correction.
Frontiers in Human Neuroscience, 8, 1-7.
http://dx.doi.org/10.3389/fnhum.2014.00724.

Zampini, M., Brown, T., Shore, D. |., Maravita, A., Roder, B., & Spence, C.
(2005). Audiotactile temporal order judgments. Acta Psychologica, 118,
277-291. http:// dx.doi.org/10.1016/j.actpsy.2004.10.017.

Zatorre, R. J., Chen, J. L., & Penhune, V. B. (2007). When the brain plays music:
Auditory-motor interactions in music perception and production. Nature
Reviews Neuroscience, 8(7), 547-558.
http://dx.doi.org/10.1038/nrn2152.

Zelic, G., Mottet, D., & Lagarde, J. (2012). Behavioral impact of unisensory and
multisensory audio-tactile events: Pros and cons for interlimb coordination in
juggling. PLoS ONE, 7(2), €32308. http://dx.doi.org/10.1371/journal.
pone.0032308.

Zelic, G., Mottet, D., & Lagarde, J. (2016). Perceptuo-motor compatibility
governs multisensory integration in bimanual coordination dynamics.
Experimental Brain Research, 234(2), 463—474.
http://dx.doi.org/10.1007/s00221-015-4476-5.


http://refhub.elsevier.com/S0278-2626(16)30187-7/h0445
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0445
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0450
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0450
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0450
http://refhub.elsevier.com/S0278-2626(16)30187-7/h0450
http://dx.doi.org/10.1007/s00221-009-2134-5
http://dx.doi.org/10.1016/j.gaitpost.2012.07.006
http://dx.doi.org/10.1016/j.gaitpost.2012.07.006
http://dx.doi.org/10.3389/fnhum.2014.00724
http://dx.doi.org/10.1016/j.actpsy.2004.10.017
http://dx.doi.org/10.1016/j.actpsy.2004.10.017
http://dx.doi.org/10.1038/nrn2152
http://dx.doi.org/10.1371/journal.pone.0032308
http://dx.doi.org/10.1371/journal.pone.0032308
http://dx.doi.org/10.1007/s00221-015-4476-5

	Walking to a multisensory beat
	Walking to a multisensory beat

