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The ability to perceive a regular beat in music and synchronize to this

beat is a widespread human skill. Fundamental to musical behaviour, beat

and meter refer to the perception of periodicities while listening to musical

rhythms and often involve spontaneous entrainment to move on these

periodicities. Here, we present a novel experimental approach inspired by

the frequency-tagging approach to understand the perception and pro-

duction of rhythmic inputs. This approach is illustrated here by recording

the human electroencephalogram responses at beat and meter frequencies

elicited in various contexts: mental imagery of meter, spontaneous induction

of a beat from rhythmic patterns, multisensory integration and sensori-

motor synchronization. Collectively, our observations support the view

that entrainment and resonance phenomena subtend the processing of musi-

cal rhythms in the human brain. More generally, they highlight the potential

of this approach to help us understand the link between the phenomenology

of musical beat and meter and the bias towards periodicities arising under

certain circumstances in the nervous system. Entrainment to music provides

a highly valuable framework to explore general entrainment mechanisms as

embodied in the human brain.
1. Introduction
One of the richest features of music is its temporal structure. In particular, the

beat, which usually refers to the perception of periodicities while listening to

music, can be considered as a cornerstone of music and dance behaviours.

Even when music is not strictly periodic, humans perceive periodic pulses

and spontaneously entrain their body to these beats [1]. The beats can be

grouped or subdivided in meters, which correspond to harmonics or subharmo-

nics of the beat frequency (e.g. the meter of a waltz, which is a three-beat meter,

has a frequency of f/3, f being the frequency of the beats). Typically, beat and

meter perception is known to occur within a specific frequency range corre-

sponding to musical tempo (i.e. approx. 0.5–5 Hz) [2,3]. The particular status

of temporal periodicity within this frequency range is hypothesized to be the

key element allowing optimal coordination of body movement with the musical

flow because it yields optimal predictability [4,5].

Entrainment to music is an extremely common behaviour, shared by humans

of all cultures. It is a highly complex activity, which involves auditory, and also

visual, proprioceptive and vestibular perception. It also requires attention, motor

synchronization, performance and coordination within and across individuals

[6,7]. Hence, a large network of brain structures is involved during entrainment

to music [8–10]. There is relatively recent and growing interest in understanding

the functional and neural mechanisms of neural entrainment to music, as it may

constitute a unique gateway to understanding human brain function. A major

goal in this research area is to narrow the gap between entrainment to musical

rhythms in human individuals on the one hand and phenomena of entrainment

in the activity of neurons on the other. In both the cases, entrainment pro-

cesses—that is, synchronization or frequency coupling [11]—and tendencies
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Figure 1. (a) Sound envelope excerpt of a pure tone amplitude-modulated periodically at 2.4 Hz (upper graph) and EEG response to this sound as obtained from
electrode FCz (fronto-central electrode) from the average across 10 participants (band-pass filtered between 0.3 and 30 Hz). Typical transient evoked potentials are
elicited at the onset of the sound, but after a few seconds the entrainment of the EEG to the periodic amplitude modulation becomes visible. (b) Envelope spectrum
of this sound, with peak of intensity magnitude at 2.4 Hz (here, normalized between 0 and 1; upper panel), and the corresponding EEG spectrum averaged across 10
participants and across the 64 channels, with peak of EEG amplitude (i.e. the SS-EP elicited in response to the periodic sensory stimulation) at 2.4 Hz. Adapted from
[32]. (Online version in colour.)
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towards temporal periodic activity have been described as

fundamental functional characteristics (e.g. [12–16] on the one

hand and [17–20] on the other). Therefore, a first question of

interest that has motivated this research is whether the per-

ceived temporal periodicities constituted by the musical beat

and meter entrain neural responses at the exact frequency of

the beat and meter.
2. Neural entrainment to periodic sensory inputs:
the frequency-tagging approach

In this review, we describe an electrophysiological approach

developed to capture the processing of beat and meter in the

human brain with the electroencephalogram (EEG). This

approach is built on the long-standing observation that when

a stimulus, or a property of a stimulus, is repeated at a fixed

rate (i.e. periodically), it generates a periodic change in voltage

amplitude in the electrical activity recorded on the human

scalp by EEG. In ideal conditions, this electrophysiological

response is stable in phase and amplitude over time, and for

this reason, it has been defined as a ‘steady-state’ evoked

potential (SS-EP) [21]. This response was further investigated

using various sensory inputs and periodic changes of various
properties of these inputs, such as the periodic amplitude

modulation of a continuous tone (e.g. with visual stimuli,

[21,22]; with auditory stimuli, [23–27]; and with somatosen-

sory stimuli, [28–30]). This electrophysiological method has

also been called ‘frequency-tagging’, usually when more than

one frequency input is used. Indeed, as the SS-EP is a periodic

response, it is confined to a specific frequency and it is thus

natural to analyse it in the frequency domain instead of the

time domain. Hence, the stimulus frequency determines

the response frequency content: the response spectrum pre-

sents narrow-band peaks at frequencies that are directly

related to the stimulus frequency [31]. Figure 1 gives an

example of such a periodic response to periodic input in the

auditory system, as recorded with EEG. In this example, a per-

iodic neural response was elicited in healthy participants by the

long-lasting periodic modulation of the amplitude of a tone.

While originally designed to investigate ‘low level’ sensory

processes [26] and their attentional modulation (e.g. [33,34]),

the frequency-tagging approach has been recently extended

to characterize higher levels of perception and cognition, for

instance, figure-ground segregation [35] or face perception

[31,36,37]. In our own studies, we investigated whether the

musical beat and meter—which refer to perceived periodicities

induced by, but not necessarily present within, the sound

http://rstb.royalsocietypublishing.org/
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Figure 2. In Nozaradan et al. [42], participants listened to 33-s rhythmic sound patterns. (a) Two examples of rhythmic patterns, consisting of a sequence of short
tones (crosses) and silences (dots). The vertical arrows indicate beat location as perceived by the participants (as evaluated after the EEG recordings by a tapping
task). Note that the pattern presented on the right can be considered as syncopated, as some beats occur on silences rather than sounds. (b) The frequency spectrum
of the sound envelope. The expected beat- and meter-related frequencies are indicated by thick and thin vertical arrows, respectively. Importantly, in the pattern
shown on the right, the beat frequency (at 1.25 Hz) does not have predominant acoustic energy, as compared with the pattern presented on the left. (c) The
frequency spectrum of the EEG recorded while listening to these patterns (global field amplitude averaged across eleven participants). A nonlinear transformation
of the sound envelope was observed, resulting in a selective enhancement of the neural responses elicited at frequencies corresponding to beat and meter. This
selective enhancement occurred even when the beat frequency was not predominant. Adapted from [42].
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input—would elicit neural responses which could be tagged in

the EEG based on their expected frequencies, i.e. at the exact

frequency of the beat and meter.
3. Neural entrainment to rhythmic patterns
Musical beat and meter periodicities are perceived from

sounds, whether or not these sounds are actually periodic.

Indeed, they can be induced not only by isochronous

pulses (as with a metronome) but also by complex rhythmic

structures [1]. Hence, as described by music theorists, the

beat is not itself a stimulus property, although it is usually

induced by a rhythmic stimulus [1,12–16,38–40]. In fact,

many frequency and phase combinations are available in a

musical piece and could be selected by individuals as their

own perceived beat, within a given culture [5,41].

On the basis of this observation, we recorded the EEG

while human participants listened to rhythmic patterns.

These patterns consist of short sounds alternating with

silences (i.e. acoustic sequences that are not strictly isochro-

nous), in contrast to the sound of figure 1 (figure 2) [39].

That is, the envelope spectrum of these patterns does not con-

tain only one frequency, as in the sound of figure 1, but it

contains multiple frequencies within the specific frequency

range for beat and meter perception (figure 2). Commonly

found in Western music, these rhythmic patterns are expected

to induce, at least to some extent, a spontaneous perception of

beat and meter, even if these rhythms are not strictly periodic

in reality [40].

In the EEG spectrum, these rhythmic stimuli elicit mul-

tiple peaks at frequencies corresponding exactly to the
rhythmic patterns’ envelope (figure 2). Most importantly,

there is a selective enhancement of the responses elicited at

beat and meter frequencies (referred to as beat- and meter-
related SS-EPs) in the EEG spectrum, compared with the fre-

quencies contained in the rhythmic patterns that have no

relevance for beat and meter. In addition, this selective

enhancement of the neural response at frequencies corre-

sponding to the perceived beat and meter is dampened

when playing the rhythmic patterns too fast or too slow,

such as to move the tempo away from the ecological musical

tempo range.

Taken together, these observations can be interpreted as

evidence for a process of selective enhancement of the neural
response at beat and meter frequencies, or selective beat- and
meter-related neural entrainment, related to the perceived beat

and meter induced by complex rhythms. Moreover, they pro-

vide evidence for resonance frequencies shaping beat and meter

neural entrainment in correspondence with resonance fre-

quencies related to the perception of beat and meter (i.e.

musical tempo). In addition, the fact that the frequency-

tagging approach allows us to compare the input and the

output spectra with one another makes it a well-suited

approach to provide insight to the quality of the sound trans-

duction to the cortex. More specifically, this comparison

should allow us to evaluate the input–output transformation

possibly related to perceptual aspects of the sound inputs

[43], such as the perception of beat and meter. Importantly,

this can be made in the absence of an overt behavioural

measure, so that it is not contaminated by decisional or move-

ment-related bias. Because it does not require an explicit overt

behaviour, the approach can be used similarly in typical

human adults and in populations who are unable to provide

http://rstb.royalsocietypublishing.org/
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Figure 3. Beat- and meter-related SS-EPs elicited by the 2.4 Hz auditory beat in (a) the control condition, (b) the binary meter imagery condition and (c) the
ternary meter imagery condition. The frequency spectra represent the amplitude of the EEG signal (mV) as a function of frequency, averaged across all scalp
electrodes, after applying spectral baseline correction procedure (see [44]). The group-level average frequency spectra are shown using a thick coloured line,
while single-subject spectra are shown with grey lines. Note that in all three conditions, the auditory stimulus elicited a clear beat-related SS-EP at f ¼
2.4 Hz (arrow in a). Also note the emergence of a meter-related SS-EP at 1.2 Hz in the binary meter imagery condition (arrow in b), and at 0.8 Hz and
1.6 Hz in the ternary meter imagery condition (arrows in c). Adapted from [44].
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overt behavioural responses, such as infants or certain patient

populations [31]. However, purely neural responses in the

absence of any behavioural evidence of beat perception

or movement synchronization have to be taken with cau-

tion, as these measures could represent distinct aspects of

processing of the musical beat and meter [5].
4. Tagging the neural correlate of internally
driven meter

Figures 1 and 2 give examples of neural responses elicited at

frequencies corresponding to the perceived beat and meter. In

both the cases, these frequencies are present in the spectrum

of the sound envelope itself. However, an outstanding issue

is whether the neural entrainment to the beat and meter

emerges in the human brain when the beat and meter fre-

quencies are not present in the spectrum of the acoustic

input. This situation refers to musical contexts in which

meter perception only relies on mental imagery, or internally

driven interpretation. We tested the frequency-tagging

approach in this context, asking participants to listen to a per-

iodic sound and to voluntarily imagine the meter of this beat

as either binary or ternary (i.e. as in a march or a waltz,

respectively; figure 3) [44]. In this case, the sensory input

was thus periodic and this temporal periodicity was located

within the frequency range for beat and meter perception.
Moreover, instead of being induced spontaneously (as in

[39]), the beat and meter were induced in response to an

external instruction imposing a specific frequency and

phase for the metric interpretation.

In this study, we showed that mentally imposing a meter

on this sound elicited neural activities at frequencies corre-

sponding exactly to the perceived and imagined beat and

meter (figure 3). Hence, as the frequencies corresponding to

the imagined meters were not present in the sound input,

the results of this experiment can be interpreted as evidence

for internally driven meter-related SS-EPs.
5. Neural entrainment underlying sensorimotor
synchronization to the beat

Synchronizing movements to external inputs is best observed

with music [2–5,12]. The periodic temporal structure of beats

is thought to facilitate movement synchronization on musi-

cal rhythms. Indeed, a fascinating aspect of beat perception

is its strong relationship with movement [45–50]. On the

one hand, music spontaneously entrains humans to move

[45–47]. On the other hand, it has been shown that movement

influences the perception of musical rhythms [46,51].

How distant brain areas involved in sensorimotor synchro-

nization are able to coordinate their activity remains, at present,

largely unknown. Externally paced tapping has been little

http://rstb.royalsocietypublishing.org/
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investigated with EEG, probably because of the lack of spatial

resolution of this technique, preventing us from easily disentan-

gling movement-related potentials from potentials elicited by

the processing of the external pacing stimulus. In some of

these studies, the electrophysiological activities elicited by the

tapping movements were analysed as single transient event-

related potentials (ERPs) [52–56]. By aligning trials to the

onset of the movement or to the tap, a scalp response is defined

around 100 ms before movement onset. Source reconstructions

of this evoked potential point to a generator within the primary

motor cortex contralateral to the moving hand, suggesting that

it reflects movement planning and execution. In addition, an

ERP is elicited around 100 ms after movement onset, whose

source is located in the primary somatosensory cortex,

suggesting that this potential reflects tactile and somatosensory

feedback. In the frequency domain, the repetitive movements

elicit SS-EPs at frequencies corresponding to the frequency of

the periodic movement [52–54,57,58]. This approach appears

to be a powerful way to increase the signal-to-noise ratio with

reduced testing duration. However, these studies focused
solely on the movement-related SS-EPs without investigating

concomitantly the SS-EPs elicited in response to the pacing

stimulus.

To explore sensorimotor synchronization to the beat using

the frequency-tagging approach, EEG can be recorded while

participants listen to an auditory beat and tap their hand on

every second beat (figure 4) [32]. In this context, sensorimotor

synchronization to the beat is supported in the human brain

by two distinct neural activities: an activity elicited at beat fre-

quency probably involved in beat processing and a distinct

neural activity elicited at a frequency corresponding to the

movement and probably involved in the production of synchro-

nized movements [52–54,59–61] (figure 4). Most importantly,

there is evidence for an interaction between sensory- and move-

ment-related activities when participants tap to the beat, in the

form of (i) an additional peak appearing at 3.6 Hz, compatible

with a nonlinear product of sensorimotor integration (i.e.

2.4 Hz þ 1.2 Hz); (ii) phase coupling of beat- and movement-

related activities; and (iii) selective enhancement of beat-related

activities over the hemisphere contralateral to the tapping,

http://rstb.royalsocietypublishing.org/
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suggesting a top-down effect of movement-related activities on

auditory beat processing (figure 4) [32].

This experiment differs from previous electrophysiological

studies of sensorimotor synchronization to the beat at several

levels. First, instead of searching for coupling across a wide

range of frequency bands, we were able to predict the frequency

rates at which the activity should take place, based on the

periodicity of the performed movement and of the pacing

sound. Second, the concentration of these movement- and

beat-related activities within very narrow frequency bands

improved the signal-to-noise ratio, as this aspect is fundamental

to further assessing phase coherence and scalp topographies

[31,35,36,62]. Third, instead of calculating coherence across elec-

trodes within the same frequency band, the electrodes of

interest were selected based on the scalp topography of these

activities, which were identified in the frequency domain.

Importantly, our interpretation of the results relies, to a great

extent, on the validity of the neural source assumptions for the

elicited frequency-tagged responses. Indeed, because the spatial

resolution of the approach is still limited by the inherent con-

straints of the scalp EEG, alternative interpretation of the

complex signature of movement-related activities in the fre-

quency domain cannot be excluded (i.e. the generation of

responses at harmonic frequencies may not necessarily have

the same scalp topography as the response obtained at 1.2 Hz).

Future studies based on intracerebral recordings of the auditory

and motor cortex [63–65] could help to clarify this issue.
6. Multisensory temporal binding induced by
beat structure

As a final illustration of the potential of our approach, we

explored how humans build an integrated representation of

beat when it is induced through distinct sensory channels

(e.g. auditory and visual simultaneously). Indeed, although

beats are preferentially conveyed by auditory input [66–68],

beat perception often co-occurs with visual movements such

as when dancing or watching a conductor directing an orches-

tra [69]. In our study [42], the auditory and visual beats were

either temporally congruent (i.e. synchronous in frequency

and phase, thought to lead to a unified perception of beat) or

temporally incongruent (i.e. at slightly distinct frequencies,

thus not leading to a unified audiovisual beat percept).

Previous EEG recordings in humans have revealed that the

congruency of combined auditory and visual stimulation

enhances the magnitude of stimulus-induced EEG responses

across both auditory and visual cortices [70–72]. However,

because of the unavoidable temporal overlap between the

neural responses to concurrent streams of sensory input, disen-

tangling the neural activities related to each sensory stream,

although critical to studying multisensory integration, is

difficult [73].

Using the frequency-tagging approach in a more stan-

dard way, we aimed at testing whether this method could

overcome these limitations. The stimuli were periodically

modulated for experimental purpose, to ‘tag’ the correspond-

ing neural responses based on their frequencies. To this end,

features of the auditory and visual inputs (amplitude and

luminance, respectively), distinct from those inducing the

beat, were additionally modulated at distinct frequencies (at

11 and 10 Hz, respectively, thus faster than beat and meter

frequency range). These additional periodic modulations
allowed us to isolate in the EEG spectrum the SS-EPs elicited

by the processing of simultaneously presented auditory and

visual stimuli, based on their distinct frequency rates.

In this experiment, synchronous audiovisual beats elicited

enhanced auditory and visual SS-EPs as compared with asyn-

chronous audiovisual beats. Moreover, this increase resulted

from increased phase consistency of the SS-EPs across trials

[42]. Taken together, these results suggest that temporal con-

gruency enhances the processing of multisensory inputs,

possibly through a dynamic binding by synchrony of the eli-

cited activities and/or improved dynamic attending. This

interpretation is in line with previous research showing that

temporal congruency facilitates multisensory integration

[74–81] and that multisensory perception may result from a

process of binding by synchrony of the cortical responses to

sensory inputs sharing similar temporal dynamics [71,82,83].
7. Discussion and perspectives
This review has emphasized the potential of the frequency-

tagging approach to explore the neural entrainment to

musical beat and meter as induced in various contexts such

as sensorimotor synchronization or multisensory integration.

Taken together, the results of these studies illustrate the

advantages that characterize the frequency-tagging method

[30,31]: (i) an objective identification of the neural responses

elicited at the exact frequency of the expected perceived

beat and meter; (ii) a straightforward quantification of these

potentials using the frequency domain analysis; (iii) a high

signal-to-noise ratio given the concentration of the response

of interest within narrow frequency bands; and (iv) neural

responses related to perceptual or cognitive aspects, probed

without the need to perform explicit behavioural responses

possibly biasing these measures.

(a) Making a bridge between beat- and meter-related
steady-state evoked potentials, transient ERPs and
ongoing oscillatory activities

In the work reviewed here, the term ‘beat- and meter-related

SS-EPs’ was used in reference to the EEG frequency-tagging

method by which this approach was inspired, to characterize

the peaks observed in the EEG spectrum in response to the

auditory rhythms. Moreover, these observed neural responses

to rhythmic inputs were also related to an entrainment

phenomenon: neural responses whose frequency and phase

are locked to the stimulus (independently of the phase lag

between the driving, acoustic, input and the driven, neural,

output, and independently of the ability of the driven periodic

output to arise spontaneously without any input or to continue

after the train of periodic inputs) [11].

Importantly, by contrasting the sound envelope spectrum

to the corresponding EEG spectrum, the frequency-tagging

approach may be particularly well suited to assess not only

how the responding neurons entrain to the rhythmic input

over time, but also how temporal periodicities that are not

physically prominent or even not present in the input emerge

in the neural response. Interestingly, this latter observation

has previously been predicted by modelling the responding

neural network as a network of nonlinear oscillators [16,84,85].

Whether the neural responses described in this review

result from ongoing neural activities resonating at the
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frequency of the stimulation [23,86,87], or whether they result

from the linear superposition of independent transient ERP

responses elicited by the repetition of the isochronous or

rhythmic, non-isochronous, stimulus [30,88] remains a

matter of debate. For instance, it could be proposed that the

beat-induced periodic EEG response identified using the fre-

quency-tagging approach constitutes a direct correlate of the

actual mechanism through which attentional and perceptual

processes are dynamically modulated as a function of time

[84,85,89–91]. Phase entrainment to auditory streams has

been demonstrated in many previous studies using rhythmic

background sounds at d (1–4 Hz) and u (2–8 Hz) frequencies,

and auditory performance was found to covary with the

entrained oscillatory phase [19,85]. Transposed into the con-

text of beat and meter induction, it could be hypothesized

that the responsiveness of the neuronal population entrained

to the beat may be expected to vary according to the phase of

the beat-induced cycle. If the beat-induced cycle, as observed in

the form of beat- and meter-related SS-EPs, reflects cyclic

modulation of excitability in neural populations, this would

account for the previous observations that event-related poten-

tials elicited at different time points relative to the beat or meter

cycle exhibit differences in amplitude [92–99]. Finding corre-

lation between beat-related SS-EP, transient evoked responses

and ongoing oscillatory neural activity by eliciting these

brain responses concomitantly within a given experimental

design could provide insight into this view [100,101].

(b) Retrieving time resolution and phase from steady-
state evoked potentials

The frequency-tagging approach may appear to be an electro-

physiological method that lacks time resolution, as the elicited

activities are identified in the frequency domain rather than in

the time domain. However, it may offer the possibility to study

the frequency tuning function corresponding to a given stimu-

lation. The frequency tuning function is thought to give an

indication of the ‘sampling rate’ of a given neural network,

i.e. not only the latency to process a single input but also the

timing necessary between successive inputs to be processed.

This concept was used in Nozaradan et al. [39] to reveal the res-

onance frequencies thought to shape musical beat and meter

perception. By showing that the selective enhancement of the

neural response at frequencies corresponding to the perceived

beat and meter occurs within a specific frequency range, the

results of this study suggest that beat and meter perception is

supported by entrainment and resonance phenomena within

the responding neural network [16].

In addition to the frequency tuning function, another tem-

poral aspect crucial to beat perception is the phase selected for

the beat within a given rhythmic pattern. To this end, the high

signal-to-noise ratio obtained by the frequency-tagging method

may help to recover phase information [31], although this

possibility has not been exploited in the studies reviewed here.

(c) Sound envelope and beat induction
In our experiments, the stimuli have been designed such as to

induce the beat and meter exclusively based on the dynamics

of amplitude modulation, specifically beneath 5 Hz, of a pure

tone. Nevertheless, the perception of musical rhythm and

meter does not only rely on the information conveyed by

amplitude modulation, but also exploits harmonic structure,
timbre modulations or even endogenous imagery of a tem-

poral structure that can be imposed onto the sound [102].

In theory, one could hypothesize that these numerous fea-

tures, processed by distinct neural populations [103], would

be integrated within a unified representation corresponding

to the percept of beat and meter. Such cross-feature inter-

actions may be hypothesized to emerge when the sound

envelope and the other features set up widespread synchrony

at low frequencies across cortical neurons, thus adjusting to

each other by synchrony of the periodic modulation of their

responsiveness [104].

This hypothesis is built on models proposing that when

there is task-relevant temporal structure that sensory systems

can entrain to, lower frequency brain activities entrain to this

temporal structure and become instrumental in sensory pro-

cessing, by modulating the excitability of the neural

population accordingly ([105]; see also [89,90]).
(d) Mirroring between pitch and meter processing
Periodicity could be considered as the critical determinant of

pitch (i.e. the perceptual phenomenon of sounds organized

within a scale from low to high tones; e.g. [105]), similar to

musical meter. Indeed, the auditory system is apparently

highly sensitive to the similarity between the successive

periods of an acoustic waveform [103,105,106]. As only a

small number of repetitions of the period is necessary to per-

ceive pitch, similarly only a small number of repetitions of a

meter is sufficient to induce a meter percept, thus revealing

the stability of this percept. Also, the nervous system is tolerant

to perturbation or deterioration of this periodicity, as period-

icities can be perceived from stimuli that are not strictly

periodic in reality, suggesting that percepts of periodicity are

supported by invariants abstracted from non-periodic inputs.

This property of the auditory system has been hypothesized

to emerge from the fact that most natural sounds are not strictly

periodic, either within the frequency range of meter or within

the frequency range of pitch [1,103,107].

Stability, tolerance and invariance in periodicity perception

might result from nonlinear transformations of the sound’s

spectral content at various levels of the auditory pathway

[104,107]. This is illustrated for example by the missing funda-

mental phenomenon, in which a pitch can be induced at a

given frequency although this frequency is not conveyed in

the sound input in reality. Similarly, a beat percept can be

induced by a rhythmic pattern at a frequency that is not present

in the sound envelope, as illustrated in highly syncopated

rhythms [108,109].

In fact, one may speculate that meter and pitch emerge

from similar physiological properties of the auditory neur-

ons, but occurring at different frequency ranges (between

30 and 20 000 Hz for the pitch, and between 0.5 and 5 Hz

for the meter). For instance, it could be hypothesized that

the processing of periodicities (detection and reconstruction)

within the frequency range specific to beat and meter could

be supported by brain areas specifically devoted to this pro-

cessing and functionally organized as an array of band-pass

filters (i.e. a model similar to models proposed for pitch)

[103]. Interestingly, the neural responses corresponding to

perceived meter and pitch can be explained using similar

models of nonlinear oscillators, corroborating the view of

common nonlinear neural behaviours responsible for these

percepts. Hence, investigating the parallel between pitch
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and meter periodicity using similar neurophysiological

approaches (e.g. the frequency-tagging approach) may help

understanding their respective phenomenology and underlying

neural mechanisms.

(e) Musicians versus non-musicians
Is neural entrainment to beat and meter modulated by musi-

cal training? Intuitively, one would expect increased neural

entrainment in musicians compared with non-musicians.

However, the contrast between musicians and non-musicians

could be reflected not only in terms of the robustness of the

neural synchronization at these specific frequencies, but

also in terms of distinct resonance frequencies for beat and

meter across these two groups, peaking at slower or faster

beat frequencies in non-musicians versus musicians. The fre-

quency-tagging approach could help clarifying this issue, as

it may provide information regarding the ‘sampling rate’ of

the responding neural population. For instance, the resonance

frequencies for beat and meter could be retrieved in musi-

cians versus non-musicians, by exploring the selective

neural entrainment at beat and meter frequencies elicited

throughout different musical tempi.

( f ) Cultural diversity in rhythm perception
To explore the biological foundations of beat and meter prop-

erly, it is important to be aware of the diversity encountered
across cultures regarding the rhythmic material and metrical

forms. As one could expect, rhythm has not been similarly

developed across musical cultures [110]. Importantly, as most

of the empirical research on musical rhythm has been per-

formed on Western individuals, the literature concerning beat

and meter is probably biased. The EEG frequency-tagging

approach could also help addressing some of the questions

pertaining to cross-cultural differences in beat induction.

Taken together, the studies reviewed here illustrate how

music constitutes a rich framework to explore the phenomenon

of entrainment at the level of neural networks, its involvement

in dynamic cognitive processing, as well as its role in the gen-

eral representation of temporal structures. They also provide

further evidence that neural entrainment, as indexed by the

EEG frequency-tagging approach, may play a crucial role in

the formation of coherent representations from streams of

dynamic sensory inputs. More generally, these results sug-

gest that studying musical rhythm perception constitutes a

unique opportunity to gain insight into the general mechan-

isms of entrainment at different scales, from neural systems

to entire bodies.
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61. Bourguignon M, De Tiège X, Op de Beeck M, Pirotte B,
Van Bogaert P, Goldman S, Hari R, Jousmäki V.
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