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Abstract

Music listening often entails spontaneous perception andbodymovement to a periodic

pulse-like meter. There is increasing evidence that this cross-cultural ability relates

to neural processes that selectively enhance metric periodicities, even when these

periodicities are not prominent in the acoustic stimulus. However, whether these

neural processes emerge early in development remains largely unknown. Here, we

recorded the electroencephalogram (EEG) of 20 healthy 5- to 6-month-old infants,

while they were exposed to two rhythms known to induce the perception of meter

consistently acrossWestern adults. One rhythm contained prominent acoustic period-

icities corresponding to the meter, whereas the other rhythm did not. Infants showed

significantly enhanced representations ofmeter periodicities in their EEG responses to

both rhythms. This effect is unlikely to reflect the trackingof salient acoustic features in

the stimulus, as it was observed irrespective of the prominence of meter periodicities

in the audio signals. Moreover, as previously observed in adults, the neural enhance-

ment of meter was greater when the rhythm was delivered by low-pitched sounds.

Together, these findings indicate that the endogenous enhancement of metric period-

icities beyond low-level acoustic features is a neural property that is already present

soon after birth. These high-level neural processes could set the stage for internal

representations of musical meter that are critical for human movement coordination

during rhythmic musical behavior.

KEYWORDS

development, EEG, frequency-tagging, infants, musical beat and meter perception, rhythm
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Research Highlights

∙ 5- to 6-month-old infants were presented with auditory rhythms that induce the

perception of a periodic pulse-like meter in adults.
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∙ Infants showed selective enhancement of EEG activity atmeter-related frequencies

irrespective of the prominence of these frequencies in the stimulus.

∙ Responses at meter-related frequencies were boosted when the rhythm was

conveyed by bass sounds.

∙ High-level neural processes that transform rhythmic auditory stimuli into internal

meter templates emerge early after birth.

1 INTRODUCTION

Music is a universal phenomenon observed across individuals and soci-

eties (Mehr et al., 2019; Nettl, 2000; Savage et al., 2015). Yet the

evolutionary origins of human capacities for the perception and pro-

duction of music, that is, musicality, remain poorly understood. Recent

accounts propose that music-making has its origins in social behaviors

(Mehr et al., 2021; Savage et al., 2021). These accounts predict that

mechanisms allowing humans to perceive and produce high levels of

interpersonal synchrony during music making (and dance) constitute

a core component of musicality (see also Honing, 2012) and should

appear early in development.

Despite diversity along many dimensions, music seems to have uni-

versal features that bolster temporally coordinated behaviors (Mehr

et al., 2019; Savage et al., 2015). Specifically, the structure of music

across cultures canbe characterizedbyperiodic recurrenceat timescales

relevant to sensory-motor coordination. At the fast end of this tempo-

ral range, this involves a small set of recurring time intervals between

successive sound onsets, which are typically (but not necessarily) sub-

divided by a common period (Jacoby & McDermott, 2017; Mehr et al.,

2019).Moreover, this finite set of short time intervals is often arranged

recurrently, thus forming repeated patterns of sound onsets spanning

the subsecond to suprasecond range (Agawu, 2016; Hannon et al.,

2004;Margulis, 2014; Palmer&Krumhansl, 1990; Toiviainen&Snyder,

2003). Overall, this structure based on periodic recurrence facilitates

the perception of a set of nested periodic beats (hereafter meter, for

short) (Cohn, 2020; Honing & Bouwer, 2018; London, 2004). Meter is a

cornerstone of musical synchronization as it provides a precise shared

mental representation of time across musicians, dancers, and listen-

ers. Humans often perceive meter in music spontaneously and tend to

move the body in time with it, as when people bob the head, tap the

foot, or dance periodically alongwithmusic (Burger et al., 2010; Janata

et al., 2012).

Importantly, even if musical sounds lack strongly recurrent features

at some levelwithin the temporal range described above, humans seem

to readily perceive and synchronize with a stable meter (Large et al.,

2015; Lenc et al., 2018; Nozaradan et al., 2012b; Su & Pöppel, 2012).

Indeed, music with less regular rhythmic structure is not a peculiarity

of a few isolatedmusical genres, but appears to beubiquitously present

and synchronized to in dance contexts across cultures (Agawu, 2016;

Holzapfel, 2015; Locke, 2010; London et al., 2017; van der Weij et al.,

2017;Witek, 2017).

The nature of the processes that underlie meter perception, espe-

cially from less regular (or “weakly-periodic”) music remains unknown.

Regularity detection may be sufficient to support meter perception

from music with prominent acoustic periodicities, a process that has

been referred to as meter extraction (c.f. Kotz et al., 2018). How-

ever, meter perception cannot solely rely on regularity detection when

the musical rhythm lacks prominent acoustic periodicities, that is,

when there is no prominent periodic meter to be extracted from

the acoustic structure of the rhythmic stimulus. In fact, in weakly-

periodic music, meter perception requires endogenously generating

periodicities beyond the acoustic features, a process that may rely on

qualitatively and quantitatively different processes (Lenc et al., 2021).

This ability may be supported by general perceptual mechanisms,

such as neural resonance, which have been proposed to endogenously

enhance the representation of metric periodicities as a result of con-

nectivity and dynamicswithin auditory-motor cortical networks (Large

et al., 2015; Tichko et al., 2022). Alternatively, this capacity could be

built upon inferential processes by which individuals learn to associate

a specific rhythm with a specific metric interpretation through expo-

sure (Hannon & Trehub, 2005b; London et al., 2017; van derWeij et al.,

2017).

The processes underlying meter perception may also be differen-

tially present across species. The capacity to build an internal repre-

sentation of a periodic beat from isochronous stimuli has been shown

in nonhuman primates (Gámez et al., 2018; Zarco et al., 2009). In addi-

tion, several species of mammals and birds have shown the ability to

synchronize to periodic regularities extracted from strongly-periodic

music (Cook et al., 2013; Jao Keehn et al., 2019; Patel et al., 2009;

Schachner et al., 2009), and this ability may build on low-level neuro-

physiological processes in theauditorypathway (Rajendranet al., 2017,

2020).However, evidence for theneural andbehavioral representation

of an endogenously generatedbeat inducedwithweakly-periodic input

has only been observed in enculturated adult humans so far. Therefore,

assuming a uniform set of neural/psychological processes supporting

meter perception when listening to strongly- versus weakly-periodic

rhythmsmay not be warranted.

In terms of human development, the processes supporting detec-

tion of temporal regularities relevant tometer perception appear early,

within the first year of life. Already at 2–3 months, infants can dis-

criminate rhythmic patterns based on the grouping of acoustic onsets

(Demany et al., 1977). At 7–9months, they show the ability to establish

an internal representation of rhythmic patterns invariant to pitch and
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tempo (Trehub & Thorpe, 1989). 7-month-old infants can discriminate

rhythmic stimuli based on the meter cued by prominent periodicities

in their acoustic structure (Hannon& Johnson, 2005), and detect when

this regular structure is disrupted (Hannon&Trehub, 2005a, 2005b). In

fact, the rudiments ofmeter extraction from strongly-periodic rhythms

may be already present at birth. As reported in an influential study by

Winkler et al. (2009), newborns show a difference in brain responses

to sound omissions when these occur aligned (rather than misaligned)

with beats prominently cued by the acoustic structure of a rhythm (but

seeHoning et al., 2014 for a discussion of possible acoustic confounds).

These observations indicate a human predisposition for meter per-

ception, particularly when cued by strongly-periodic rhythms. Indeed,

regular rhythms are an important part of the environment from early

infancy, particularly in the context of infant-directed songs (Hilton

et al., 2022; Mehr et al., 2019) and nursery rhymes (Suppanen et al.,

2019).

However, the ability to synchronize overt body movement with

meter even in highly regular rhythms has a much longer developmen-

tal time course (Hannon et al., 2018; Kirschner & Tomasello, 2009;

McAuley et al., 2006). Zentner and Eerola (2010) found no evidence for

spontaneous synchronization of movement with the meter in infants

younger than 24 months (see also Ilari, 2015 for a replication). Nev-

ertheless, they observed precursors of sensory-motor synchronization

withmeter.When the stimulus contained prominent acoustic cues to a

periodic beat, infants adjusted the speed of their spontaneous move-

ments to the tempo of this physically cued beat (see also Cirelli &

Trehub, 2019; Fujii et al., 2014; Provasi et al., 2014). Together, the evi-

dence suggests that very young infantsmayhave the ability to establish

a representation of meter from prominent periodic cues even before

thematuration of motor skills.

Yet, whether the ability to build an internal representation of meter

from weakly periodic rhythms emerges early in development remains

an unanswered question. In one study, Bergeson and Trehub (2006)

showed that 9-month-old infants failed to detect temporal deviations

in a 3.6-s long rhythmic pattern where the arrangement of sounds did

not follow a prominent periodicity. This finding was taken to indicate

that an internal representation of meter was not established. How-

ever, presenting the pattern without repetition eliminated a level of

recurrence at a relatively long timescale that is typically present in

weakly-periodic music. In fact, even adult performance in a compara-

ble experimental design is rather low (Grahn & Brett, 2007; Grube &

Griffiths, 2009; Povel & Essens, 1985).

Probing the processing of weakly-periodic rhythms across devel-

opment poses particular methodological challenges. For instance,

rhythmic stimuli in discrimination tasksmustbe carefully controlled for

low-level features, which may significantly limit the range of rhythmic

stimuli that can be investigated (e.g., Hannon & Johnson, 2005). More-

over, behavioral habituation paradigms cannot be easily employed to

obtain comparable data at different time points of the developmen-

tal continuum (due to the confounds potentially introduced by task

instructions and cognitive factors).

To overcome these issues, electroencephalography (EEG) can be

used to measure brain activity at the millisecond scale without requir-

ing concomitant behavioral outcome. For instance, the internal repre-

sentation of meter can be investigated indirectly, extrapolating from

transient EEG responses elicited by occasional changes of single acous-

tic events comprising a rhythmic sequence (mismatch negativity; see

Bouwer et al., 2014, 2016;Honing et al., 2014). However, this approach

relies on observing a differential brain response when the position of

the change is aligned versus misaligned with the metric pulse promi-

nently cued by the acoustic structure of the stimulus. Consequently,

this approach cannotbeeasily applied toweakly-periodic rhythms, that

is, to rhythms that do not systematically contain acoustic events at

plausible metric pulse positions (Lenc et al., 2021; London et al., 2017).

An alternative approach to capturing the internal representation of

meter is the combination of EEG with frequency-tagging (Lenc et al.,

2021; Nozaradan, 2014; Nozaradan, Keller, et al., 2017). Using this

approach, it has been shown thatwhen adult humans listen to rhythmic

inputs that give rise to meter perception, the elicited neural response

is selectively enhanced at the frequencies related to the perceived

meter periods (Lenc et al., 2018, 2020a; Nozaradan et al., 2012b,

2018; Nozaradan, Mouraux, et al., 2016; Nozaradan, Schwartze, et al.,

2017; Tal et al., 2017). Importantly, this enhancement is observed even

when meter-related frequencies are not prominent in the input, i.e.,

when periodic recurrence given by temporal arrangement of sound

events is low. In other words, this enhanced neural representation of

meter periodicities cannot be easily explained by the physical struc-

ture of the stimulus, thus controlling for low-level confounds. Rather,

this observation suggests that the rhythmic input is transformedwithin

the adult brain into the perceptual meter category (Lenc et al., 2021;

Nozaradan, Keller, et al., 2017). There is increasing evidence that this

neural transformation relies on high-level cortical processes, which

allow the brain to actively build an endogenous representation of

meter, beyond extraction of stimulus regularities (Lenc et al., 2020a;

Nozaradan et al., 2018; Sifuentes-Ortega et al., 2022; Tal et al., 2017;

see also Nozaradan, Mouraux, et al., 2016; Nozaradan, Schwartze,

et al., 2017 for further evidence gathered from surface and intracranial

EEG in brain-damaged patients). Hence, frequency tagging may be a

powerful method to probe how neural processes critical formeter per-

ception develop over the lifetime, without relying on overt behavioral

responses.

Here, we used the frequency-tagging approach to testwhether 5- to

6-month-old infants already show selective enhancement of the neural

activity at meter periodicities in response to rhythms lacking promi-

nent periodic cues to the meter (see also Cirelli et al., 2016 who used

frequency-tagging in 7- and 15-month-old infants to capture neural

responses to more regular rhythms). Such neural enhancement would

indicate that precursors of coordinated musical behaviors, even in the

face of degraded acoustic cues, are in place soon after birth. Alter-

natively, observing that infants’ neural responses merely track the

acoustic structure of rhythms without enhancing meter-related peri-

odicities would suggest that the emergence of higher-level rhythm

processing may rely on extensive (possibly multimodal) exposure to

music and/or maturation of sensorimotor synchronization abilities.

We also tested whether the selective enhancement at meter peri-

odicities was increased when the rhythms were carried by bass tones
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F IGURE 1 Spectra of the cochlear model output and of the EEG responses for each rhythm and tone (averaged over 28 frontocentral channels
and 20 infants). Meter-related frequencies at 1.25, 2.5, 3.75 and 5Hz are shown in red, whereas the remaining (meter-unrelated) frequencies are
shown in blue. Insets depict time-domain responses averaged across all repetitions of the corresponding rhythmic pattern (in grey) for the cochlear
model, or for the EEG responses averaged across all infants. Standard error of themean for the time-domain EEG responses is indicated as shaded
regions.

compared to high-pitched tones, as has been found in adults (Lenc

et al., 2018). This was motivated by recent studies suggesting that

bass sounds have a privileged role in making people move along with

the periodic meter (Burger et al., 2018; Hove, Vuust, et al., 2019; Stu-

pacher et al., 2016; Van Dyck et al., 2013). However, whether this

bass benefit for rhythm has biological roots, or it arises from long-

termexposure tomusic inwhich the rhythm is predominantly conveyed

by low-frequency sounds remains unknown. Observing an enhance-

ment effect of low tones on the neural representation of meter in

infants would suggest that the link between rhythm processing and

bass sounds does not rely on learning over the lifespan, but rather

may derive from basic functional connections between the auditory

and vestibular systems (Todd & Lee, 2015b; Trainor & Unrau, 2009),

or on prenatal experience (Parncutt, 2016; Parncutt & Chuckrow,

2019).

2 METHODS

2.1 Participants

Twenty infants (mean age 5.7 months, from 5.03 to 6.43 months; nine

females, no pre-term birth, no auditory or neurological disorder) took

part in the experiment. The infants were recruited from the Babylab

database at the MARCS Institute for Brain, Behaviour and Develop-

ment, Western Sydney University. The research was approved by the

local Ethics committee, as part of the project H9660, and informed

consent was obtained from legal representatives of the infants.

Sample size was chosen based on the data from an identical experi-

ment in adults (Lenc et al., 2018). Themain aimof the current studywas

to evaluate the selective neural emphasis on meter-related frequen-

cies in the weakly-periodic rhythm by comparing their standardized

prominence in theEEGand in a cochlearmodel that estimates low-level

responses at early stages of the auditory pathway. This comparison

consistently yields large effects across datasets (Lenc et al., 2020b;

Nozaradan et al., 2012b). To detect the effect observed in Lenc et al.

(2018) (d= 1.63; average across low- and high-tone conditions), a sam-

ple size of N = 8 would be sufficient to obtain statistical power of

99% and a level of significance of 5%. In addition, simulations using the

SuperpowerRpackage (Lakens&Caldwell, 2021) revealed that detect-

ing the within-subject contrast between low- and high-tone conditions

with a power of 80%would require a sample size of N= 20.

2.2 Stimuli

The stimuli consisted of two different 2.4-s long rhythms, continuously

looped for 60 s. Each rhythm was made up of twelve 200-ms long

events (see Figure 1; see also Lenc et al., 2018, 2020b;Nozaradan et al.,

2012b, 2018; Nozaradan, Mouraux, et al., 2016; Sifuentes-Ortega

et al., 2022). The rhythmic structure of the patterns was based on a

specific arrangement of eight sound events (pure toneswith 10-ms rise

and 50-ms fall linear ramps) and four silent events (amplitude at 0).

The carrier frequency of the pure tone was either 130 Hz (low tone)

or 1236.8 Hz (high tone, 39 semitones above the low-tone frequency),

as in Lenc et al. (2018). These two carrier frequencies were chosen to

fall within spectral bands where rhythmic fluctuations either correlate

(100−200 Hz) or do not correlate (800−1600 Hz) with sensory-motor

entrainment to music, as indicated by previous research (Burger et al.,

2018, 2012). As in previous work (Hove et al., 2014; Lenc et al., 2018),

the loudness of the low and high tone sequences was equalized to

correct for the differential sensitivity of the auditory system across

the frequency range. Specifically, using the Glasberg andMoore model

(Moore et al., 2016), low and high tones were equalized to 70 phons

by matching the maximum short-term loudness of a single 200-ms

high-tone and low-tone sound. Free field parameters were used as

the sequences were presentedwith loudspeakers. Sound intensity was

held constant across infants.
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The two rhythms used in the current study were selected based

on previous evidence that they both induce perception of musical

meter consistently across individuals. The induced meter is based

on nested grouping of the individual event rate (200 ms) by 2

(2 × 200 ms = 400 ms), 2 (2 × 400 ms = 800 ms), and 3

(3 × 800 ms = 2400 ms) (Lenc et al., 2018; Nozaradan et al., 2012b,

2018). Importantly, although the two rhythmic patterns have been

found to consistently induce perception of musical meter, they pro-

vide the listener with different amounts of direct sensory cues to

this perceived metric structure (see Text S1 in the Supplementary

material for details on calculation of syncopation score and coun-

terevidence score to measure prominence of metric periodicities in

the two rhythms). In particular, the tones in the first rhythm mostly

occur at pulse positions of the typically perceived meter (and not oth-

erwise), thus creating a strong periodic contrast cueing that meter.

On the other hand, the sounds and silences in the second rhythm

are arranged in a way that does not closely match any periodic

meter. For these reasons, the first and the second rhythm are fur-

ther referred to as “strongly-periodic” and “weakly-periodic” rhythm,

respectively (note that various terms have also been used to describe

these same rhythms, e.g., unsyncopated and syncopated; see Lenc et al.,

2021).

Anotherway tomeasure the prominence of periodicities in the stim-

ulus is to analyze the modulation spectrum of the acoustic stimulus

using fast Fourier transform (FFT). This analysis allows quantification

of the periodic recurrence in the continuous modulation of acoustic

features of the input (here amplitude envelope). Because the stimu-

lus consisted of seamless repetitions of the same rhythmic pattern, the

modulation spectra were expected to contain energy at the frequency

corresponding to the repetition of the pattern (1/2.4 s= 0.416Hz) and

harmonics of that frequency. The relative distribution of energy across

these different harmonics reveals how much periodic recurrence was

present in the signal modulations at rates nested within the pattern

repetition period. From the set of first 12 harmonics (up to 5 Hz, i.e.,

the frequency of individual event rate in the rhythms), four frequen-

cies were considered to be meter-related (1.25, 2.5, 3.75, 5 Hz), as

they corresponded to the frequencies and harmonics of the perceived

metric pulses. The remaining eight frequencies in the set were consid-

ered to bemeter-unrelated. Note that in the current study (as in Cirelli

et al., 2016) the first frequency (0.416 Hz) was excluded from further

analysis, thus leaving 11 frequencies of interest (identical across the

two rhythms). The lowest frequency was discarded to keep the stimu-

lus analysis comparablewith the frequency-domain analysis conducted

on the EEG, as the EEGwas high-pass filtered at 0.5 Hz to remove very

slow drifts from the signals.

To measure the relative prominence of meter frequencies, ampli-

tudes at the 11 frequencies of interest were converted to z-scores as

follows: ([x]− [mean across the 11 frequencies])/[SD across the 11 fre-

quencies]. A higher z-score at a specific frequency thus indicates that

the amplitude at that frequency stands out prominently relative to the

whole set of frequencies in the modulation spectrum. The z-scores for

meter-related frequencies were averaged to obtain an index of their

relative prominence in themodulation spectra.

To estimate the extent to which the neural transformation of a

rhythmic acoustic stimulus could be driven by low-level stages of the

auditory pathway, we simulated responses to the rhythmic stimuli

using a biologically-plausible model of peripheral auditory process-

ing. Comparing the EEG responses to these early representations thus

helps disentangling the contribution of higher-level transformations

that cannot be trivially explained by responses at early sound process-

ing stages. The cochlearmodel used to analyze the stimuliwas the same

as in Lenc et al. (2018). It consisted in a Patterson-Holdsworth ERB fil-

ter bank with 128 channels (Patterson & Holdsworth, 1996), followed

byMeddis’ inner hair-cell model (Meddis, 1986), as implemented in the

Auditory Toolbox forMatlab (Slaney, 1998). The output of the cochlear

model was subsequently transformed into the frequency domain using

FFT, and the obtained spectra were then averaged across cochlear

channels.

2.3 Experimental procedure

The two rhythmic patterns conveyed either by the low or the high

tone were presented separately in blocks. Each of the four resulting

blocks consisted in five sequences made up of 25 seamless repetitions

of the same rhythmic pattern during 60 s. The order of the blocks was

counterbalanced across infants. The rhythms were created in Matlab

R2016b (The MathWorks, Natick, MA) and delivered by Presentation

Software 14.2 (Neurobehavioral Systems, Berkeley, USA) using two

loudspeakers placed approximately 50 cm from each other, 1.5 m in

front of the infant’s head. Under these conditions, stimulus intensity

was approximately 75 dB SPL, hence presumably below adults’ thresh-

olds for direct activation of the vestibular system by low-frequency

tones (Todd et al., 2000).

Infants were seated in front of the loudspeakers, on the lap of the

parent and infants’ EEG signals were recorded while they were pre-

sented with the stimuli, with short breaks between the 5-min. blocks.

To avoid movement bias related to the rhythmic structure of the

sequences, the parent listened to a playlist of irrelevant music at com-

fortable but relatively high intensity through headphones to mask the

stimulus sequence sounds. To keep the infant still during sequence

presentation, silent videos of cartoons were displayed on a computer

screen placed between the two loudspeakers, and the experimenter

also silently entertained the infant with puppets or bubbles. Parents

were asked to not speak during the recording session and to minimize

their movements.

2.4 EEG acquisition and analysis

EEG signals were collected using a 128-channel HydroCel GSN net

with an Electrical Geodesic NetAmps 200 amplifier passing a digitized

signal to Electrical Geodesics NETSTATION software (v.4.3.1). Signals

were recorded online at a sampling rate of 1000 Hz and with a Cz ref-

erence. Electrode impedance during recording was maintained below

50 kOhm.
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The EEG data were preprocessed as follows. First, the data were

segmented from −0.5 s to +60.5 s relative to the onset of each

sequence. The obtained segments were filtered using a 0.5–30 Hz

Butterwoth 4th order bandpass filter, to remove very slow drifts and

higher frequencies irrelevant to the current study. The filtered seg-

ments were downsampled by a factor of 4 (to 250 Hz sampling rate),

to facilitate data handling and storage. DC removal was applied to

the segments, to center the amplitudes around zero. Furthermore,

the electrodes located at the three external rings of the electrode

net were removed (except left and right mastoid electrodes), as they

are more prone to contamination with artifacts due to movement or

muscle activity and capture neural activity in response to auditory

rhythms to a lesser extent compared tomore central electrodes (Cirelli

et al., 2016), thus keeping 92 electrodes out of the 128-electrode set.

The segments were then processed using the Artifact Blocking algo-

rithm in Matlab (Mourad et al., 2007), which is especially useful for

improving signal to noise ratio in continuous infant data by removing

artifacts of very large amplitude (>100 microV) (see, e.g., Cirelli et al.,

2016; Fujioka et al., 2011; Marie & Trainor, 2013, 2014; Rekow et al.,

2021).

The spectrum of the EEG data was obtained by first cropping the

segments from +2.4 to +57.6 s, thus removing EEG response to the

first and last repetition of the rhythm within each sequence to avoid

onset responses and possible edge effects due to the Artifact Block-

ing algorithm. The cropped segments were then re-referenced to the

averaged mastoid electrodes, to increase signal-to-noise ratio of neu-

ral responses to auditory stimuli that are expected to project onto

frontocentral electrodes (Cirelli et al., 2016). Each segment was then

chunked again into two 26.4-s epochs. This allowed doubling the num-

ber of epochs to be further averaged in the time domain, which helps

cancelling out signals not aligned to the rhythmic input and thus reduc-

ing background noise that can be prominent in the frequency range

of interest, that is, below 5 Hz. The time-averaged epochs were then

transformed into the frequency domain using FFT, yielding a spectral

resolution of approximately 0.037 Hz. To obtain valid estimates of the

responses, the contribution of noise was minimized by subtracting,

at each frequency bin, the average amplitude at the neighboring bins

(2nd to 5th on both sides), thus centering the obtained spectra around

zero by correcting for the 1/f shape of the background noise (see,

e.g., Mouraux et al., 2011; Nozaradan et al., 2011, 2012a, 2012b; Ret-

ter & Rossion, 2016). Finally, data quality was confirmed by checking

for large residual artifacts (amplitudes larger than 10 microV in more

than 10 channels within one of the conditions) within the frequency

range of interest (0.5–5 Hz). As none of our participants showed

such artifacts, further analyses were performed on the whole sample

(N= 20).

Frequency-tagged responses to auditory rhythms in infants are

expected to be located on frontocentral channels (Cirelli et al., 2016).

This was confirmed by examining the topographical distribution of the

mean EEG amplitude across all 11 frequencies of interest, averaged

across all conditions and infants (see also Figure 2). Therefore, the

values considered for further statistical tests were extracted at the

11 frequencies of interest from the EEG spectra averaged across 28

frontocentral channels (14 in each hemisphere), separately for each

condition and infant. Similar results were observed by taking a set of

28 channels with largest overall responsemagnitude, and can be found

in the Supplementarymaterial (Text S2).

2.5 Statistical analysis

Statistical analyses were carried out using R (R Core Team, 2022).

Repeated-measures ANOVAs were conducted using the ez package

(Lawrence, 2016). The significance level was set at p < 0.05 and the

reported effect size corresponds to partial eta squared. Post-hoc com-

parisons were carried out using paired t-tests and the reported effect

sizes correspond to Cohen’s d. Confidence intervals were estimated

using percentile bootstrap (1000 samples). Bonferroni correction was

used to adjust for multiple comparisons.

The overall magnitude of the EEG responses to each rhythm was

estimated as the summed amplitude across all 11 frequencies corre-

sponding to the envelope modulation spectrum of the stimulus. This

overall magnitude, reflecting the general gain of the response, was

compared across conditions using a 2 × 2 repeated-measures ANOVA

with factors Tone and Rhythm.

Most importantly for our hypothesis, we then examined the relative

EEG response at meter frequencies. To this aim, amplitudes at the 11

frequencies of interest were converted to z-scores, in the same way

as for the cochlear model (see Section 2.2). Higher z-score at specific

frequencies indicated that the response at these frequencies stood out

more prominently relative to the whole set of 11 frequencies elicited

by the auditory input. The z-scores were averaged separately for the

meter-related frequencies (frequencies corresponding to periods and

harmonics of metric pulses consistently perceived from these rhythms

across adult listeners) andmeter-unrelated frequencies (the remaining

eight frequencies of interest). The mean z-score at meter frequencies

(or meter z-score) was taken as an index of periodicity at the rates of

metric pulses in neural activity. Indeed, this value becomes largerwhen

either the amplitude at meter-related frequencies increases or the

amplitude at meter-unrelated frequencies decreases. As expected, the

meter z-scores calculated from the spectrumof the cochlearmodel are

high for the strongly-periodic rhythm, where meter-related frequen-

cies are more prominent than meter-unrelated frequencies (1.1 for

low-tone and 1.14 for high-tone). In contrast, for the weakly-periodic

rhythm, the meter z-score values in the cochlear model output are low

(−0.11 for low-tone and−0.07 for high-tone).

To test whether the neural representation of meter was driven

by high-level endogenous processes (rather than early auditory pro-

cesses), one-sample one-tailed t-tests were used to probe whether

meter z-scores in the EEG responses were higher than values obtained

from the cochlear model. A significant t-test would indicate a neu-

ral enhancement of periodicities where adults tend to perceive meter,

beyond tracking of acoustic features of the stimulus. In addition, meter

z-scores were compared across conditions using a 2 × 2 repeated-

measures ANOVA with factors Tone (low vs. high) and Rhythm

(strongly-periodic vs. weakly-periodic).
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7 of 15 LENC ET AL.

F IGURE 2 Topographical maps of themean amplitude (microV) at meter-related frequencies andmeter-unrelated frequencies across
conditions (averaged across 20 infants). Themaps show bilateral frontocentral distribution of the activity, as expected for responses to auditory
rhythmswithin this frequency range, with larger activity for meter frequencies compared tometer-unrelated frequencies, even in the
weakly-periodic rhythm, especially when conveyed with low tone.

3 RESULTS

3.1 Overall magnitude of the EEG response

Figure 1 shows the spectra of the EEG responses elicited by the rhyth-

mic stimuli. The 2× 2 repeated-measures ANOVAused to compare the

overall EEG response magnitude across conditions did not show any

significant main effects of Tone or Rhythm or the interaction between

these factors (all p’s > 0.26). This result thus indicates similar overall

magnitude of the response across conditions, in line with the results

obtained in adults (Lenc et al., 2018).

3.2 Relative amplitude at meter frequencies

As shown in Figure 3, one-sample one-tailed t-tests were used to

estimate whether meter-related frequencies in the EEG were more

prominent than predicted by the cochlear model. There was no sig-

nificant enhancement of the relative (z-scored) amplitude at meter-

related frequencies in the EEG compared to the cochlearmodel for the

strongly-periodic rhythm (all p’s = 1). This was expected based on the

high prominence of meter frequencies already in the acoustic struc-

ture of the strongly-periodic input. However, for the weakly-periodic

rhythm, the meter-related frequencies were significantly enhanced in

the EEG responses when the rhythm was conveyed with low tone

(mean = 0.23, 95% CI [0.12, 0.36], t19 = 5.37, p < 0.0001, d = 1.2), and

high tone (mean= 0.12, 95%CI [0, 0.25], t19 = 2.93, p= 0.02, d= 0.65).

In addition, a 2 × 2 repeated-measures ANOVA was employed to

compare the relative prominence of meter frequencies across the fac-

tors Tone and Rhythm. This ANOVA revealed a main effect of Tone

(F1,19 = 10.25, p = 0.005, ηp2 = 0.35), with greater enhancement

of meter frequencies in the low-tone condition than in the high-

tone condition across both rhythms. There was also a main effect

of Rhythm (F1,19 = 10.63, p = 0.004, ηp2 = 0.36), as expected from

the higher prominence of meter frequencies in the strongly-periodic

input. The interaction between Tone and Rhythm was not significant

(p= 0.32).

The results of the one-sample one-tailed t-tests indicate that meter

frequencies can be selectively enhancedwhen the prominence of these

frequencies in the rhythmic stimulus is low, and the results of the

ANOVA suggest that this effect is boosted with low tones. In addition,

the observed enhancement of meter frequencies and the effect of low

tones cannot be easily explained by differences in the overall magni-

tudeof the responses, as revealedby theANOVAcomparing theoverall

gain across conditions.

3.3 Control analyses

We also tested whether the increased prominence of meter-related

frequencies could bedrivenbynon-specific effects such as high-pass or

low-pass function of the response, or the shape of generic responses to

sound onsets (e.g., with shorter time course compared to the shape of

the individual acoustic event used to generate the stimuli). Such effects

would lead to a larger gain at the highest (i.e., 5 Hz) or lowest (i.e.,

0.83Hz) frequencyof interest, and thuswould also affect theestimated

relative prominence ofmeter frequencies. To test whether this was the

case, we re-calculated the z-scores either after excluding 5 or 0.83 Hz
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LENC ET AL. 8 of 15

F IGURE 3 Z-score values of themeter-related frequencies across conditions (individual values in light color, andmean in dark color). Error
bars indicate 95% confidence intervals (Morey, 2008). Corresponding values obtained from the cochlear model are shown as vertical lines.
Asterisks on top of the points represent p-values obtained from the one-sample one-tailed t-tests of EEG against the cochlear model, *: p<0.05.

frequency from the set. In both cases, we obtained the same significant

effects as in the main analysis (for a detailed description, see Supple-

mentarymaterial, Text S3). These results thus indicate that theboosted

neural response atmeter frequencies is not fully driven by non-specific

transformations enhancing lower or higher frequencies irrespective of

their relevance for the perceivedmeter.

To test whether the standardization using z-scores biased results,

we used another standardization which does not take into account

the variability across amplitudes as the z-score does. Specifically, for

each condition and infant, the amplitudes were normalized between 0

and 1 by dividing observed amplitudes by the amplitude range, given

by the maximum minus minimum amplitude measured across the fre-

quencies of interest. These normalized values were then compared

using a 2 × 2 × 2 repeated measures ANOVA comparing the meter-

related versus meter-unrelated frequencies across Tone and Rhythm.

Therewas a significant interaction between the factorMeter and Tone,

(F1,19 = 10.01, p = 0.005, ηp2 = 0.35) and no three-way interaction

(p=0.3), thus reproducing the tone effects foundwith the z-scores (see

Figure S1).

To control even further for a possible effect of z-scores, we tested

whether the same results could be found without any normalization,

that is, when just taking the raw amplitudes inmicroV. Herewe found a

three-way interaction between Rhythm, Tone andMeter (F1,19 = 9.27,

p = 0.007, ηp2 = 0.33) (see Figure S2). While still supporting the main

findings above, this control analysis highlights the importance of at

least some form of standardization, given the fact that (i) EEG effects

are likely multiplicative (Joon Kim et al., 2007) and (ii) the raw ampli-

tude difference between meter-related and unrelated frequencies is

much larger in the strongly- versus weakly-periodic rhythm (as shown

in Figure 1).

Together, these control analyses corroborate the main results, sug-

gesting that the effect of tone frequency is not an artifact of the chosen

standardizationmethod.

4 DISCUSSION

In this study, we show that 5- to 6-month-old infants exhibit selec-

tive enhancement of neural activity at meter frequencies. Moreover,

this enhanced neural representation of meter frequencies is increased

when the rhythm is conveyed by low-pitched sounds compared to

high-pitched sounds. These findings cannot be solely explained by

stimulus-driven effects, as the neural emphasis on meter periodicities

arose even in response to a weakly-periodic rhythm lacking promi-

nent acoustic cues to the meter. These effects are also unlikely to

be explained by low-level auditory nonlinearities, as biologically plau-

sible cochlear modeling does not show enhanced meter frequencies

in response to the weakly-periodic rhythm. Together, these results

thus suggest that high-level central mechanisms may play a key role

in infants’ processing of rhythm, especially in establishing an internal

representation of meter.

4.1 Selective enhancement of metric periodicities
beyond low-level features

In line with previous studies in adults (Lenc et al., 2018, 2020a;

Nozaradan et al., 2012b, 2018; Nozaradan, Mouraux, et al., 2016),

the current results provide evidence that the infant brain produces

increased neural activity at meter frequencies. Moreover, this brain
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9 of 15 LENC ET AL.

activity is not solely stimulus-driven. In other words, components of

the input that are selectively enhanced in the neural response are

not necessarily the most prominent components making up the input,

and sometimes even exhibit magnitudes close to zero in the input, as

shown here in the weakly-periodic rhythm (e.g., activity at 2.5 Hz, see

Figure 1).

In addition, nonlinearities due to subcortical auditory processes

such as adaptation cannot fully explain the observed selective

enhancement of meter frequencies. It should be noted that the model

used in the current study to simulate the processing of the sequences

at the auditory periphery was not specifically designed to simulate

the cochlear processing of 5- to 6-month-old infants (Slaney, 1998). To

our knowledge, there is currently no readily available cochlear model

that takes into account the developmental course of the human audi-

tory system. Nevertheless, infants in our study showed significantly

greater prominence of meter-related frequencies in response to the

weakly-periodic rhythm than could be expected based on adult-like

cochlear processing. This suggests that cochlear nonlinearities, even at

a mature stage, are unlikely to account solely for the enhanced meter

representation observed here.

Therefore, it can be proposed that the enhanced neural repre-

sentation of meter frequencies reflects endogenous cortical periodic

activity that is phase-locked to the rhythmic inputs and whose peri-

ods correspond to the most consistently perceived meter periodicities

in Western adult listeners (Lenc et al., 2018; Nozaradan et al., 2012b,

2018; Rajendran et al., 2017).

4.2 Role of periodic recurrence at shorter and
longer timescales when recurrence corresponding to
the meter is weak

What are the processes underlying the selective enhancement

observed here? Acoustically, the weakly-periodic rhythm used in the

current study does not contain prominent periodic recurrence corre-

sponding to themeter that the neural system can track and emphasize.

However, the weakly-periodic rhythm is not random, and still con-

tains temporal structure that can be used to build up a representation

of the meter endogenously. First, the cyclic repetition of the rhyth-

mic pattern creates a slow periodicity (here 2.4 s). If the infant neural

system is sensitive to this repetition, it provides an opportunity to

internally generate faster beat levels by subdivision (Repp, 2005; Repp

& Su, 2013). Indeed, pattern repetition plays a role in meter percep-

tion (Brown, 1993; Longuet Higgins & Lee, 1982; Steedman, 1977;

Temperley & Bartlette, 2002) and short cyclic patterns are particu-

larly used in music characterized by weakly-periodic rhythms around

the world (Agawu, 2006; London et al., 2017; Pressing, 2002; Witek

et al., 2014). In addition, the set of inter-tone intervals making up the

rhythmic patterns in the current study is small (three different inter-

tone intervals, 0.2, 0.4, and 0.6 s), and shares a common denominator,

which provides another cue for subdivision. Hence, using the tempo-

ral information available in theweakly-periodic stimulus, the brainmay

spontaneously generatemultiple levels of periodic recurrence, and this

process might be further biased by the frequency tuning curve of the

neural network (Nozaradan et al., 2012b, 2018) and preference for

simple frequency ratios (Bergeson & Trehub, 2006; Drake et al., 2000;

Jacoby &McDermott, 2017).

There are several lines of evidence supporting this interpretation.

First, sensitivity to repetition of sound patterns is already in place in

neonates (Stefanics et al., 2007;Winkler et al., 2009). Second, the sub-

division of periodic time intervals occurs spontaneously in adults (Repp

& Jendoubi, 2009) and the tendency to do somay be present very early

in development. For instance, 5-month-olds have been shown to detect

temporal disruptions in rhythmic patterns based on inter-tone inter-

vals with a 3:2 ratio, which allows subdivision into regular isochronous

timespans (Hannon et al., 2011). However, disruption detection was

absent for patterns with inter-tone intervals 7:4, which precludes

subdivision.

Mechanistically, such processes have been described in neurody-

namic models in terms of mode-locking and resonance in coupled

oscillators,which can reconstructmetric periodicities that areweak (or

even completely absent) in the physical stimulus (Kim & Large, 2019;

Large et al., 2015; Tichko et al., 2022). Thesemodels predict thatmode-

locking is a fundamental emergent property of cortical dynamics, and

hence should be present very early in development. However, at the

same time, neurodynamic models explaining the emergence of meter

from weakly-periodic rhythms rely on nonlinear coupling between an

auditory and a motor network (Large et al., 2015; but see Tal et al.,

2017 who failed to observe oscillatory dynamics in supplementary

motor area predicted by the neural resonance theory). Given that overt

sensory-motor synchronization is far from mature at 5–6 months of

age (Zentner & Eerola, 2010), our current results could be taken to

indicate that a mature auditory-motor system may not be necessary

for endogenous enhancement of meter. Yet, it is important to note

that neural architecture can be mature before the emergence of overt

motor behaviors andbefore intense exposure. For instance, substantial

evidence suggests that the dorsal stream network for speech pro-

cessing develops quickly within the first months of life (Brauer et al.,

2013; Choi et al., 2021; Dehaene-Lambertz, 2017; Leroy et al., 2011).

Whether the dorsal brain networks implicated in meter processing

(Cannon & Patel, 2020; Patel & Iversen, 2014) may have a similar

developmental trajectory remains to be investigated.

Taken together, the current evidence suggests that at 5–6 months,

the infant brain may well be equipped with general mechanisms sup-

porting the ability to map weakly-periodic (i.e., syncopated) rhythmic

inputs onto a stable set of metric pulses (Lenc et al., 2021).

4.3 Role of learned rhythm-meter associations

Learned associations constitute anotherway inwhich consistent inter-

nal representations of meter could emerge even when they are not

directly cued by the structure of the stimulus. This learning would not

need to proceed only explicitly through formal musical training, but

could also operate implicitly through exposure to a culture-specific

musical repertoire (see also Hannon et al., 2012). In other words, the
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particular meter induced by the acoustic rhythm could be shaped by

long-term exposure to various multimodal cues specific to the general

context in which the rhythm is most often presented within a culture

(Cameron et al., 2015; Hannon et al., 2012; Hannon & Trehub, 2005b;

London et al., 2017; van der Weij et al., 2017). For instance, there

is evidence that within a few minutes, 7-month-old infants can form

associations between a rhythmic auditory pattern and multimodal

experience from periodic bouncing (Phillips-Silver & Trainor, 2005).

Similarly, 6-month-olds can learn to associate periodic acoustic accents

with a specific rhythmic pattern and this is reflected in subsequent

brain responses (Flaten et al., 2022). In adults, moving along a rhyth-

mic pattern in a way that emphasizes a certain periodicity leads to an

enhancement of that periodicity in EEG responses during subsequent

listening (Chemin et al., 2014). Hence, there is evidence that multi-

modal exposure has the potential to shape the association between a

rhythm and its metric interpretation already at an early age (see also

Tichko et al., 2021, 2022). Such associations may allow the brain to

match a rhythm to a particular internalmetric template, evenwhen the

rhythm acoustically lacks unambiguous periodic cues to themeter.

Even though the infants in the current study most likely had not

encountered the exact rhythmic patterns before participating in the

experiment (the current rhythmswerenot characteristic of a particular

culture or genre), it remains plausible that the infants were previously

exposed to rhythmic patterns with similar structural features. Thus,

the neural responses to the rhythms used in the current study might

have been driven by generalization of the rhythm-meter association

acquired by the infant for another (sufficiently similar) rhythm (Tichko

& Large, 2019; van der Weij et al., 2017; Zhao & Kuhl, 2016). If such

generalizationmechanismswere driving our current results, thiswould

imply that learning to associate specific types of rhythmic figures with

particular meters (i) begins soon after (or even before) birth, (ii) can

be relatively robust even when purely implicit, and (iii) does not exclu-

sively rely on the production of active bodymovements time-locked to

the rhythm. In fact, associations between auditory rhythmic patterns

and passive periodic movement could be established already before

birth (Parncutt & Chuckrow, 2019). Indeed, the fetus is sensitive to

the sounds in mother’s environment and her movement in response to

these sounds already from the third trimester (see Parncutt, 2016 for a

review).

Further investigation of the “learned-association” hypothesis could

be conducted by comparing the neural transformation of a rhythmic

input toward a specific meter across different time points over the

lifespan, including in newborns, and also across individuals with differ-

ent musical enculturation. In this regard, we hypothesize that rhythm-

meter association learning on amuch shorter time scale may be driven

by active body movement once the ability for sensorimotor synchro-

nization is developed (as reported in adults; Chemin et al., 2014).

4.4 Role of low tones in rhythm processing

The finding that rhythmic stimulation by low tones enhanced the neu-

ral representation of meter is in line with a growing body of evidence

suggesting a privileged role of bass sounds in rhythm processing. At

the behavioral level, rhythmic low-frequency sounds have been shown

to elicit greater amounts (Hove, Martinez, et al., 2019; Van Dyck et al.,

2013) and tighter synchronization (Burger et al., 2012) of spontaneous

body movement. At the neural level, recordings from adults indicate

that bass sounds boost periodicities related to the perceived meter,

particularly when these periodicities are not prominent in the acous-

tic input (Lenc et al., 2018). The current study extends these results by

showing that the low-tone benefit is already in place at 5–6 months

of age and can occur even without an explicit behavioral task. Hence,

these observations contribute to our understanding of the possible

neurobiological basis for the convention of using bass instruments

to carry the rhythmic foundations of music and to stimulate motor

engagement (Hove, Vuust, et al., 2019; Stupacher et al., 2016).

The specific neurophysiological mechanisms behind the low-tone

benefit are an open question. While a recent study showed that

peripheral encoding of temporal modulations may be biased toward

low-frequency sounds, this was only observed when isochronous low-

and high-frequency pip trainswere presented simultaneously at differ-

ent tempi (Zuk et al., 2018). Given that the current study presented

low and high tones in separate trials, the peripheral nonlinearities

describedbyZuket al. (2018) cannot directly explain theobservedEEG

results, particularly for the weakly-periodic rhythm.

Further, our results argue against the hypothesis that the low-

tone benefit arises from learned associations between bass sounds,

rhythm, and movement established through long-term exposure to

music. Rather, the effect may develop through prenatal learning, given

the continuous exposure of the fetus to low-pass filtered sounds in

the womb coupled with vestibular and proprioceptive stimulation gen-

erated by the mother’s movement (Parncutt, 2016; Trainor & Unrau,

2009). Indeed, vestibular input plays an important role in meter per-

ception (Trainor et al., 2009) and infants rapidly develop associations

between the rate of periodic bouncing and an auditory rhythmic

pattern (Phillips-Silver & Trainor, 2005).

Nonetheless, it remains possible that low tone effect observed here

may have been partially driven by direct activation of the vestibular

system by low tones. Although the sequences were presented at an

intensity (approximately 75 dB) below the vestibular threshold, this

threshold (90 dB sound pressure level on average) is variable across

individuals (Todd & Lee, 2015b). Most importantly, the available data

on the vestibular threshold are based onmeasures in adult participants

and it remains possible that the threshold is lower in 5- to 6-month-

old infants. If this is the case, then a vestibular sensorimotor neural

network could have been directly activated by the rhythmic sequences

conveyed by low tones in the current study (Todd& Lee, 2015a; Trainor

et al., 2009). Yet, it remains unclear how this activation alone could

lead to selective neural enhancement of themeter-related frequencies,

especially in weakly-periodic rhythm which lacks prominent acoustic

cues to themeter.

Alternatively, it has been proposed that the privileged role of bass

sounds in conveying rhythm may stem from evolutionarily shaped

properties of the auditory system (Hove et al., 2014). However, the

results of the analysis of our stimuli with a physiologically plausible
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cochlear model argue against this hypothesis (see alsoWojtczak et al.,

2017).

4.5 Interpretation of EEG results and links to
behavior

It may be tempting to interpret the EEG results of the current study

as evidence for perception. Indeed, researchers sometimes interpret

a differential EEG response as evidence for beat “perception” (Win-

kler et al., 2009). Yet, linking measures of neural activity to perception

as a high-level subjective phenomenon is non-trivial (Norcia, 2013).

Instead, it may be more fruitful (and valid) to think of recording neu-

ral signals as a means to isolate a particular process that contributes

to overt behavior by interacting with numerous other factors (such

as cognitive and affective processing). In fact, the capacity to isolate

processes is an advantage, as carefully designed EEG experiments can

reveal properties of the perceptual system that are not observable

from behavior (Lenc et al., 2020a; Luck, 2014; Rossion et al., 2020).

Hence, we prefer to interpret the results of the current study as

capturing neural processing of musical meter without confounds asso-

ciated with motor skills, understanding instructions, decision making,

etc. (Nozaradan, Keller, et al., 2017). Our observations show that the

infant brain has the capacity to endogenously enhance representations

of metric periodicities that are not prominent in stimulus structure.

When and how these representations are used to guide overt behav-

ior remains to be investigated (but see, e.g., Nozaradan, Peretz, et al.,

2016 for evidence linking frequency-tagged EEG responses and overt

tapping). In sum, the fundamental neural processes reported in the

current study may set the stage for the development of interpersonal

synchronization abilities (for a related interpretation of animal electro-

physiology, see, e.g., Rajendran et al., 2017), thus providing evidence of

neural specialization formeter, as hypothesized by recent evolutionary

accounts (Mehr et al., 2021).

5 CONCLUSIONS

Our results demonstrate that 5- to 6-month-old infants show neu-

ral transformations of rhythmic auditory stimuli toward categorical

meter in a similar manner to transformations in adults. These observa-

tions suggest that the neural processes previously observed in adults

emerge early in development, before the ability to synchronize overt

movement with rhythmic inputs is fully developed. In fact, these neural

processes may set the stage for the development of overt sensory-

motor synchronization abilities by providing the infrastructure to link

spectrotemporally complex sensory inputswith invariant periodic time

representations—a cornerstone of temporal coordination in musical

behaviors. The basic capacity for transforming rhythmic input into

internalmeter templatesmay thusprovide a foundation for a core com-

ponent of human musicality (Honing, 2012; Mehr et al., 2021; Savage

et al., 2021), which enables the alignment of thoughts and feelings dur-

ing human interaction across the lifespan (Malloch&Trevarthen, 2018;

Phillips-Silver & Keller, 2012). Our findings pave the way for future

investigation of the nature of the underlying neural processes, which

is particularly timely given the growing use of rhythmic auditory stim-

ulation in diagnosis of and interventions for developmental disorders

(Lense et al., 2021).
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