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Abstract

The spontaneous ability to entrain to meter periodicities is central to music perception and production across cultures. There
is increasing evidence that this ability involves selective neural responses to meter-related frequencies. This phenomenon has
been observed in the human auditory cortex, yet it could be the product of evolutionarily older lower-level properties of brain-
stem auditory neurons, as suggested by recent recordings from rodent midbrain. We addressed this question by taking
advantage of a new method to simultaneously record human EEG activity originating from cortical and lower-level sources, in
the form of slow (< 20 Hz) and fast (> 150 Hz) responses to auditory rhythms. Cortical responses showed increased ampli-
tudes at meter-related frequencies compared to meter-unrelated frequencies, regardless of the prominence of the meter-
related frequencies in the modulation spectrum of the rhythmic inputs. In contrast, frequency-following responses showed
increased amplitudes at meter-related frequencies only in rhythms with prominent meter-related frequencies in the input but
not for a more complex rhythm requiring more endogenous generation of the meter. This interaction with rhythm complexity
suggests that the selective enhancement of meter-related frequencies does not fully rely on subcortical auditory properties,
but is critically shaped at the cortical level, possibly through functional connections between the auditory cortex and other,
movement-related, brain structures. This process of temporal selection would thus enable endogenous and motor entrainment
to emerge with substantial flexibility and invariance with respect to the rhythmic input in humans in contrast with non-human
animals.

Introduction

Evolution has endowed animals with the ability to interact in real
time with external signals that rhythmically stimulate their sensory
organs. In humans, this interaction is well illustrated by the common
behaviour of moving to a musical rhythm, a form of auditory-motor
entrainment shared by all cultures (London, 2004; Repp & Su,
2013). In particular, even when music is not strictly periodic,

humans spontaneously organize the constituent complex sound
sequences according to a pulse-like periodic meter and experience
the urge to move to these pulses (e.g. bobbing the head, tapping the
hand or moving the whole body periodically when listening to
music; see Burger et al., 2017). This perceptual organization of
rhythm into periodic units can thus be considered a cornerstone of
the entrainment to music.
There is increasing evidence that perception and motor entrain-

ment to metric periodicities involve neural mechanisms that shape
the representation of rhythmic inputs by selectively enhancing neural
activity elicited at meter-related frequencies, regardless of the physi-
cal prominence of these frequencies in the rhythmic input (Nozara-
dan et al., 2011, 2012b, 2016c, 2017c; Nozaradan, 2014; Chemin
et al., 2014; Celma-Miralles et al., 2016; Stupacher et al., 2017;
Tal et al., 2017). Recently, intracranial depth-electrode EEG
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recordings in humans revealed that processes from the earliest audi-
tory cortical areas (Heschl’s gyrus) shape the neural representation
of rhythmic inputs in favour of increased relative amplitude of the
activity corresponding to meter-related frequencies (Nozaradan
et al., 2016c). This selective enhancement of meter-related frequen-
cies may require connections between the auditory cortex and other
brain structures such as the premotor cortex, the basal ganglia and
the supplementary motor area, which are involved in beat-based tim-
ing (Grahn, 2012; Merchant & Honing, 2014; Patel & Iversen,
2014; Ross et al., 2016; Nozaradan et al., 2017b). However, this
selective enhancement may also be the product of lower-level prop-
erties of auditory neurons that process sound input before the cortex.
One of the candidates for these processes could be the inferior col-
liculus, a subcortical structure of the human ascending auditory
pathway located in the brainstem. This subcortical auditory structure
has been shown to contribute to auditory temporal processing by
providing a level of auditory neural precision that is crucial for
accurate auditory-motor temporal integration (Tierney & Kraus,
2013, 2016). This feedforward route, with highly accurate temporal
precision, modulated itself via corticofugal fibres in a continuous
feedforward-feedback loop (Winer, 2006; Bajo & King, 2013),
could be critical in auditory-motor synchronization. But these sub-
cortical auditory structures could also be critical for processing
rhythmic inputs by enhancing a particular subset of their constituent
acoustic events as a basis for meter perception. Relatedly, recent
models have been proposed to quantify the extent to which beat per-
ception could be explained by early auditory sensory processing in
brainstem auditory nuclei that we share with other animals (Rajen-
dran et al., 2017). This hypothesis is also related to a line of res-
earch investigating the extent to which musical conventions and habits
are determined by evolutionarily shaped human physiology (Hove
et al., 2014; Merchant & Honing, 2014; Wojtczak et al., 2017).
The goal of the current study was to investigate the contribution

of these lower-level auditory subcortical stages in the neural repre-
sentation of rhythm. To this end, we recorded EEG activity while
healthy young adults listened to rhythmic sequences. This activity,
typically observed at a slow time scale (< 20 Hz) in response to the
envelope of acoustic rhythms, is generally compatible with cortical
sources (Draganova et al., 2002; Nozaradan et al., 2015). Lower-
level neural representations of the rhythms were also captured from
the same recordings, in the form of frequency-following responses
typically observed at a faster time scale (> 150 Hz) in response to
the carrier tones and their modulation over time (see Nozaradan
et al., 2016b for a similar method). This faster activity is compatible
with a mixture of auditory cortical and brainstem sources, with a
primary neural generator in the inferior colliculus (Chandrasekaran
& Kraus, 2010; Coffey et al., 2016; Tierney & Kraus, 2016). Activ-
ity at these slow and fast time scales was measured in response to a
regular rhythm presented at a moderate or fast tempo, and a more
irregular, syncopated, rhythm presented only at moderate tempo.
After the EEG session, the participants were asked to tap the beat of
the rhythms, as a behavioural index of rhythmic motor entrainment.
Frequency- and time-domain analyses of these different measures
allowed us to investigate cortical and frequency-following responses,
their sensitivity to the tempo and rhythmic structure of the inputs
and their relationship with motor entrainment behaviour. A selective
enhancement of meter-related frequencies in the frequency-following
responses would indicate that subcortical auditory properties play a
critical role in these processes of temporal selection. Alternatively,
such meter-related enhancement could reflect the contribution of cor-
tical activity to these lower-level auditory responses through efferent
connections. Conversely, an absence of meter-related enhancement

in lower-level auditory responses, especially in the more complex
syncopated rhythm, would indicate that this selective process criti-
cally involves higher-level cortical areas, enabling endogenous and
motor rhythmic entrainment.

Materials and methods

Participants

Twenty healthy volunteers (11 females, one left-handed, mean age
22.9 � 3.2 years, aged between 18 and 30) took part in the study
after providing written informed consent. These volunteers were
either musical amateurs, with only informal experience as listeners
or dancers, or were considered as musicians according to their num-
ber of years of formal music training (13 participants with
7.6 � 5.4 years). None of the participants had prior experience with
the tapping task used in the present study. All had no history of
hearing, neurological or psychiatric disorder and were not taking
any drug at the time of the experiment. The study was approved by
the Research Ethics Committee of the Faculty for Arts and Sciences
of the University of Montreal and conducted at that university.

Auditory stimulation

Stimuli were generated using MATLAB (The MathWorks, Natick,
USA) and presented binaurally through electromagnetically shielded
insert earphones at 75 dB SPL (ER 2, Etymotic Research, Elk
Grove Village, IL, USA).
The auditory stimulus consisted of 40.8-s sequences of a repeated

non-harmonic chord with three partials (f1 = 243 Hz, f2 = 398 Hz
and f3 = 566 Hz). These frequencies were chosen because frequency-
following responses at these tone frequencies recorded in humans with
scalp EEG are most likely to originate from brainstem nuclei of the
ascending auditory pathway due to the low-pass limitation in the pro-
duction of sustained frequency-locked responses to sounds in the
human auditory cortex (Skoe & Kraus, 2010; but see Coffey et al.,
2016 for recent data on the contribution of cortical neural populations
to frequency-following responses recorded from the human scalp in a
frequency range below 150 Hz). A non-harmonic relationship between
the three tones was chosen to avoid overlap of the harmonics of each
of these frequencies across partials. This non-harmonic chord was also
expected to elicit frequency-locked responses in the scalp EEG at fre-
quencies that were not present in the stimulus spectrum. These
responses, corresponding to distortion-product otoacoustic emissions
generated at the cochlear level and transmitted over the ascending
auditory pathway (Skoe & Kraus, 2010), were expected at frequencies
corresponding to the cross-modulation across the three partials, that is
f3-f2, f2-f1 and f3-f1 (168, 155 and 323 Hz, respectively).
The non-harmonic chord was modulated in amplitude in such a

way as to generate three different non-isochronous sequences. These
amplitude modulations consisted in three different rhythmic patterns
continuously looped throughout the 40.8-s sequences. Two of these
rhythmic patterns (henceforth referred to as ‘rhythm #1’ and ‘rhythm
#2’) lasted 2.4 s and were composed of 12 short time intervals of
200-ms duration. These intervals were either ‘acoustic’ (linear onset/
offset ramps lasting 10% of the interval duration, with a modulation
depth of 90%, from 0.1 to 1) or ‘silent’ (amplitude maintained at
0.1; Fig. 1A). The rhythms used in the current study were selected
based on previous evidence that they induce a meter perceived at a
consistent periodicity across individuals based on grouping by four
intervals (4 9 200 ms) and related metrical periodicities (beat subdi-
vision by 2 and 4, beat integer grouping by 3; Povel & Essens,
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1985; Nozaradan et al., 2012b, 2016a). Rhythm #1 was considered
‘unsyncopated’, as the meter coincided with the structural arrange-
ment of onsets of ‘acoustic’ intervals. The internal representation of
beat thus matches physical cues in this rhythm. In contrast, rhythm
#2 was considered syncopated, as the meter does not systematically
correspond to the onset structures. This rhythm can thus be consid-
ered more complex, as the internal representation of meter matches
external cues to a lesser extent.
The third rhythmic sequence was identical in all respects to rhythm

#1, except for the fact that the duration of the shortest interval was of
50 ms instead of 200 ms (Fig. 1A). This rhythm was thus presented
four times faster than the first one, hence further labelled ‘rhythm #1
tempo x4’, enabling us to test the sensitivity of neural activity to the
tempo of presentation of rhythm. Critically, this tempo was set above
the ecological range at which musical meter is usually induced
(> 200 ms periodicity; e.g. van Noorden & Moelants, 1999; McAu-
ley, 2010). At this speeded-up tempo, the perceived meter should no
longer be driven by a grouping by four individual intervals, as such
grouping would correspond to 200 ms (4 9 50 ms), which is too fast
to spontaneously generate comfortable perceptual and motor entrain-
ment. Instead, the perceived meter should coincide with an integer
multiple grouping of intervals, namely, a grouping by 12 intervals,
thus corresponding to 600 ms (Nozaradan et al., 2012b).
To determine the frequencies at which the cortical frequency-

tagged responses to the acoustic envelope were expected in the
EEG, the temporal envelope of the three 40.8-s auditory stimuli
(rhythm #1, rhythm #1 tempo x4 and rhythm #2) was extracted
using the Hilbert transform as implemented in MATLAB and then
transformed into the frequency domain using a discrete Fourier

transform, yielding a frequency spectrum of acoustic energy (Cirelli
et al., 2016; Nozaradan et al., 2016a,b,c, 2017a,b). The frequencies
of interest appeared in the obtained spectrum as 12 peaks of acoustic
energy ranging from the frequency corresponding to the period of
an entire rhythm cycle to the period of the shortest interval for each
rhythm and tempo (Fig. 1B). In this set of 12 frequencies, the
meter-related frequencies thus coincide with the first, third, sixth
and twelfth frequencies (as defined above, i.e. corresponding to
grouping by four intervals, subdivision of this group by 2 and 4,
multiple of this group by 3), whereas the other frequencies are con-
sidered meter-unrelated.
To determine the frequencies at which the frequency-following

responses were expected in the EEG, the auditory stimulus was
transformed in the frequency domain using a discrete Fourier trans-
form. The frequencies of interest appeared in the obtained frequency
spectrum as three peaks at 243, 398 and 566 Hz, flanked by side-
bands at [+/-] the 12 frequencies constituting the sound envelope
spectrum (Fig. 1B). These sidebands thus corresponded to each par-
tial amplitude-modulated by the rhythmic envelope. In addition, fre-
quency-following responses were also expected at frequencies not
present in the stimulus spectrum but elicited due to distortion-pro-
duct otoacoustic emissions, that is at f3-f2, f2-f1 and f3-f1, flanked
by sidebands at [+/-] the 12 frequencies corresponding to the ampli-
tude modulation of these tones.
Finally, two additional sequences were presented to the partici-

pants for control purposes. One sequence was identical in all
respects to rhythm #1, except for the fact that the rhythmic ampli-
tude modulation was not carried by the non-harmonic chord, but by
continuous white noise. This ‘white noise sequence’ was thus

Fig. 1. Experimental design and stimulus. (A) Three rhythmic patterns, consisting of non-isochronous amplitude modulation between 0.1 and 1 (rhythm #1,
unsyncopated, played at moderate and fast tempo, and rhythm #2, syncopated, played at moderate tempo). (B) Time–frequency map of rhythm #1 (left panel).
The amplitude modulation was carried by three non-harmonic partial sine tones (243, 398 and 566 Hz). When repeated in a 40.8-s sequence, the spectrum of
this rhythmic sequence (in blue, upper middle panels) exhibits three peaks at the partials’ frequencies, each flanked by sidebands at frequencies corresponding
to each partial [+/-]12 frequencies constituting the modulation spectrum. EEG activities at these frequencies are expected in the form of frequency-following
responses. The envelope spectrum (in red, lower middle panel) presents 12 peaks ranging from the frequency corresponding to the period of the entire rhythmic
pattern to the frequency corresponding to the period of the shortest interval in the rhythm. EEG envelope-following responses corresponding to cortical activity
are expected at these frequencies. Neuroimaging scan (bottom right) used here to illustrate the most probable sources of these activities (brainstem and auditory
cortex). [Colour figure can be viewed at wileyonlinelibrary.com].
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expected to elicit cortical responses at frequencies corresponding to
the modulation spectrum, but no frequency-following responses at
243, 398 and 566 Hz and sidebands or at distortion-product frequen-
cies and sidebands. The other control sequence consisted in the
same non-harmonic chord as in rhythms #1 and 2, but with no
amplitude modulation over time (amplitude maintained at 1 during
40.8 s). This ‘continuous tone sequence’ was thus expected to elicit
frequency-following responses at 243, 398 and 566 Hz or at distor-
tion-product frequencies, but no sidebands and no cortical responses
at frequencies corresponding to the modulation spectrum.

Experimental procedure

Participants were comfortably seated in a chair with their head rest-
ing on a support. They were instructed to relax, avoid any unneces-
sary head or body movement and keep their eyes fixed on a point
displayed on the wall in front of them. The five different sequences
(rhythm #1, rhythm #1 tempo x4, rhythm #2, white noise and con-
tinuous tone) were presented in a block design, with the order of the
blocks counter-balanced across participants. Each block consisted of
11 trials, each starting with 3 s of silence, followed by the 40.8-s
sound stimulus. The polarity of the sound waveform was inverted
on every other trial to prevent potential electrical artefacts at the fre-
quencies of the sound input (Skoe & Kraus, 2010). The sound
sequences were presented with electrically shielded insert earphones
to further avoid electrical artefacts due to the sound transmission
device. Each trial onset was self-initiated. To ensure that participants
focused their attention on the sound in the auditory task, they were
asked to carefully listen to the sound and report any irregularity in
the sound and specifically in the sound duration at the end of each
trial. There were no actual irregularities in any of the sequences
(and hence there was no extensive assessment of the detection per-
formance), but probably due to the long-lasting repetition of the
sound participants reported hearing subtle changes throughout the
trial in half of the trials on average (Nozaradan et al., 2016b).
In the eleventh trial of each block, the participants were asked to

perform a tapping task with their right hand as consistently and
accurately as possible on the beat they felt in the sequence (Nozara-
dan et al., 2012b, 2016a). Participants were asked to start tapping as
soon as they could feel a beat in the sequence, and to maintain the
synchronized movement as well as possible throughout the entire
trial. Tapping was performed with small up and down movements
of the hand from the wrist joint, maintaining the forearm and elbow
in fixed position on an armrest cushion. When performing the tap-
ping movement, the fingers of the tapping hand came transiently in
contact with a sensor pad which continuously recorded finger pres-
sure. The experimenter regularly went to the recording room, to
monitor compliance to these instructions. The tapping trial was not
used for the EEG analysis, but was used as a behavioural index of
motor entrainment to the beat, allowing us to confirm that the peri-
odicity selected across participants for this motor entrainment task
corresponded to the theoretical assumption of a frequency corre-
sponding to grouping by four intervals or related harmonics.

EEG recording

The EEG was recorded using 64 active sintered Ag-AgCl electrodes
placed on the scalp according to the International 10/10 system
(ActiveTwo, BioSemi, The Netherlands). Active electrodes contain
the first amplifier stage within the electrode cover and provide impe-
dance transformation on the electrode to prevent interference cur-
rents from generating significant impedance-dependent nuisance

voltages. We therefore did not control electrode impedances but
rather kept direct-current offset close to zero during electrode place-
ment. Vertical and horizontal eye movements were monitored using
three additional electrodes placed on the outer canthus of each eye
and on the inferior area of the left orbit. The recorded electrode sig-
nals, referenced to the common mode sense (CMS), were amplified,
sampled at 8192 Hz (ActiveTwo amplifier, BioSemi, The Nether-
lands) and stored for offline analysis using BIOSEMI ACTIVIEW soft-
ware. To facilitate computer processing of the recorded data, the
signal of three EEG channels (Fz, FCz and Cz) was exported at
8192 Hz for further analysis, as these electrodes are known to cap-
ture the major part of auditory frequency-following and cortical
responses (Skoe & Kraus, 2010). Those signals were then rerefer-
enced to average mastoids, a standard montage to measure these
auditory responses (Skoe & Kraus, 2010).

Frequency-domain analysis of EEG responses

EEG processing was carried out using LETSWAVE6 (www.nocions.
org/letswave6) running under MATLAB (The MathWorks, Natick,
USA). Continuous EEG recordings were filtered using a 0.1-Hz
high-pass fast-Fourier transform (FFT) filter to remove slow drifts in
the recorded signals. Epochs lasting 40.8 s were obtained by seg-
menting the recordings from +0 to +40.8 s relative to the onset of
the auditory stimulus, thus yielding 10 epochs for each participant
and condition. Baseline correction of these epochs was computed by
subtracting the amplitude of each epoch by the average amplitude
measured from �0.5 to �0.2 s relative to the onset of the auditory
stimulus. A notch FFT filter centred on 60 Hz with a width of 1 Hz
was used to remove the artefact due to the electric line noise, and
each epoch was also submitted to a DC removal, to set the average
amplitude to be aligned to zero.
For each participant and condition, EEG epochs were averaged

across trials. The time-domain averaging procedure was used to
enhance the signal-to-noise ratio of the EEG activity elicited in
response to the stimulus by attenuating the contribution of activity
that was not phase-locked to the sound stimulus across trials. The
obtained averaged waveforms were then transformed into the fre-
quency domain using a discrete Fourier transform, thus yielding
spectra with 0.02 Hz resolution. These spectra were normalized by
subtracting the average amplitude measured at �3 to �13 and +3 to
+13 frequency bins relative to each frequency bin across the x-axis
of the spectra. This procedure is based on the assumption that in the
absence of a response the signal amplitude at a given frequency
should be similar to the signal amplitude of the mean of the sur-
rounding frequency bins (Mouraux et al., 2011; Retter & Rossion,
2016; Nozaradan et al., 2017a). For each condition and participant,
the obtained spectra were then averaged across the three scalp elec-
trodes. The magnitude of the responses was then estimated at the
expected response frequencies, based on the spectrum of the sound
and its amplitude modulation.
The magnitude of the cortical responses (henceforth referred to as

‘envelope-following responses’) was estimated at the 12 frequencies
constituting the envelope modulation spectrum of each rhythmic
sequence. The magnitude of the frequency-following responses was
estimated at the frequency of the three partials of the chord and their
distortion products, and at the sideband frequencies.

Statistical evaluation

Statistical analyses were performed using SPSS Statistics 21.0 (IBM,
Armonk, NY, USA). Significance level was set at P < 0.05. When
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relevant, the Greenhouse–Geisser correction was used to correct for
violations of sphericity in the performed ANOVAs.
We first examined whether the auditory stimulus elicited signifi-

cant envelope-following and frequency-following responses at the
expected frequencies in the EEG spectra for the five conditions (i.e.
the five sequences: rhythm #1, rhythm #1 tempo x4, rhythm #2,
white noise and continuous tone sequences). For each condition, a
one-sample t-test was used to determine whether the amplitudes of
the responses (microVolts) were significantly different from zero
across participants. Indeed, in the absence of significant response to
the input, the averaged noise-subtracted signal amplitude may be
expected to tend towards zero (Mouraux et al., 2011; Nozaradan
et al., 2017a). This test was performed by taking the amplitude
averaged separately across the 12 frequencies corresponding to the
modulation spectrum of the sequences, across the three partials of
the chord, across the three distortion products and across their side-
bands, respectively.
The general goal of the study, however, was to compare cortical

and lower-level representations of the rhythms. The cortical repre-
sentation consisted in the relative amplitude across the 12 frequen-
cies corresponding to the modulation spectrum of each rhythm
(standardized as z score values; Nozaradan et al., 2016a; Cirelli
et al., 2016). The frequency-following representation consisted in
the relative amplitude across the 12 sideband frequencies corre-
sponding to the modulation spectrum of each rhythm. These 12
standardized amplitudes were obtained for each participant and
rhythm by first averaging the amplitudes across corresponding posi-
tive and negative symmetrical sidebands of each partial and distor-
tion product, then by standardizing the obtained values as z score
values. These envelope-following and frequency-following responses
were then compared using a 2 9 12 repeated-measures ANOVA for
each rhythm, with a factor ‘envelope- vs. frequency-following res-
ponses’ (2 levels) and a factor ‘Frequency’ (12 levels for the 12 fre-
quencies elicited by each rhythm). An interaction between the two
factors would indicate an overall significantly different representa-
tion of the rhythm between brainstem and cortex, reflected in a sig-
nificantly different distribution of the amplitudes across frequencies.
Furthermore, we specifically tested the hypothesis of a relative

enhancement of responses at meter-related frequencies and relative
decrease of responses elicited at meter-unrelated frequencies (Nozara-
dan et al., 2017c). This hypothesis was tested with a 2 (‘envelope-fol-
lowing vs. frequency-following responses’) 9 2 (‘Meter-related vs.
unrelated frequencies’) repeated-measures ANOVA. An interaction
between the two factors would indicate that the contrast between
meter-related and unrelated frequencies is significantly different at
cortical and lower levels. Finally, we calculated the distance of EEG
responses from the acoustic input, to test the hypothesis of a greater
distance from the sound (i.e. greater degree of transformation of the
input) for cortical responses compared to frequency-following
responses. This distance was calculated for each rhythm and partici-
pant as the difference between the standardized values of the sound
and the cortical vs. frequency-following responses at meter-related
frequencies. These measures were then compared using paired t-tests.

Time-domain analysis of EEG responses

The time-domain analysis aimed to visualize the waveform of the
responses over time and estimate the amplitude over individual
intervals composing the rhythms. The time course of the cortical
responses was obtained using a low-pass filter at 30 Hz (FFT filter,
1-Hz width). Epochs averaged across the three channels and across
trials were then segmented into chunks corresponding to the time

window between the onsets of the repeated rhythmic pattern in the
sequences (starting at + 2.4 s relative to the onset of the entire
sound sequences, to discard the evoked potentials elicited by the
onset of the sound sequence). The time course of frequency-follow-
ing responses was obtained the same way, except that the EEG sig-
nal was first filtered between 134 and 354 Hz (band-pass FFT filter,
1-Hz width) to isolate the frequency range containing the significant
frequency-following responses, and the amplitude of this signal was
then extracted using the Hilbert transform (Nozaradan et al., 2016b).
From these 2.4-s epochs, the amplitudes were measured as the

root mean square amplitude of the frequency-following responses,
and as the amplitude of the peak of maximum prominence of the
cortical responses, for each of the twelve 200-ms individual intervals
composing the rhythms (Lehmann et al., 2016). This latter measure
was used for cortical responses as it allowed estimation of the wave-
form’s ‘peakiness’ regardless of the mean amplitude within individ-
ual intervals. Three different comparisons were tested on these
measures. First, the amplitudes of responses were compared across
‘acoustic’ and ‘silent’ intervals (repeated-measures ANOVAs), with the
hypothesis that the frequency-following responses would show
reduced amplitudes to ‘silent’ intervals as compared to cortical
responses (Lehmann et al., 2016).
Furthermore, the amplitudes of responses to ‘acoustic’ and ‘silent’

intervals were merged across rhythms and sorted according to the
number of immediately preceding ‘acoustic’ intervals in the rhythm.
These categories were then compared to measure possible effects of
neural adaptation due to repetitions of immediately preceding
‘acoustic’ intervals, that is to test whether the responses to ‘acoustic’
and ‘silent’ intervals were reduced or enhanced when immediately
preceded by a cluster of ‘acoustic’ intervals. Because the number of
measures was not identical across categories (the number of preced-
ing ‘acoustic’ intervals was not exactly the same across rhythms),
these categories were compared using Kruskal–Wallis ANOVAs.
Finally, the amplitudes of responses were also compared between

on-beat and off-beat intervals, that is, to test the difference in ampli-
tude between responses coinciding with a beat and responses to
intervals not coinciding with a beat (Rajendran et al., 2017). This
on-beat vs. off-beat difference was calculated at the four different
beat locations possible for a three-beat meter (as theoretically
expected here; see Nozaradan et al., 2012b, 2016a). In other words,
if the meter is expected to correspond to a three-beat meter, 12-
interval rhythms offer four different possible sets of beat position or
phase (either at intervals #1-5-9, or #2-6-10, or #3-7-11, or #4-8-
12). One-way ANOVAs comparing across these possible beat positions
were thus used to test whether the expected relative enhancement at
meter-related frequencies observed in the frequency domain was
reflected in a consistent increase at specific equally spaced intervals
across participants.

Tapping analysis

As for the EEG signals, the tap sensor signals were segmented into
40.8-s epochs aligned to the onset of the sound sequences and trans-
formed into the frequency domain using a discrete Fourier trans-
form. The obtained spectra were then normalized by subtracting the
average amplitude measured at �3 to �13 and +3 to +13 frequency
bins relative to each frequency bin across the x-axis of the spectra.
Mean intertap intervals and the coefficient of variation of these

intervals were also calculated for each sequence and participant, by
taking the latency of the onset of finger pressure of each tap (i.e. the
moment at which the fingers contact the sensor pad at each tap). As
tapping was expected to be close to isochronous based on the

© 2018 Federation of European Neuroscience Societies and John Wiley & Sons Ltd
European Journal of Neuroscience, 47, 321–332
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instruction given to the participants, we also examined the phase of
this tapping, that is, the position of the target intervals within the
rhythms. These target intervals were defined as the intervals coincid-
ing with the highest percentage of taps (i.e. interval onset closest to
the tap).

Results and statistical analyses

Sound analysis

The modulation spectrum of rhythm #1 (unsyncopated) presented at
moderate and fast tempo is characterized by prominent meter-related
frequencies as compared to meter-unrelated frequencies (Fig. 2,
upper graph, dashed lines), especially a prominent frequency corre-
sponding to the grouping by four intervals. In contrast, rhythm #2
(syncopated) shows virtually no prominence of meter-related fre-
quencies compared to meter-unrelated frequencies.

Validity of the method to capture simultaneous cortical and
frequency-following responses to rhythm

We first tested whether EEG responses were elicited at the frequen-
cies of interest. As expected, significant envelope-following
responses were elicited in all conditions (P < 0.0001; one-sample t-
test against zero after noise subtraction), except in the ‘continuous
tone sequence’ with no amplitude modulation (control condition;
P = 0.266; see Table 1 for details). In contrast, no significant

frequency-following responses to the three partials (f1, f2, f3) were
elicited (P > 0.053 for all sequences). This is probably due to the fact
that the partials were not harmonically related, which has been shown
to yield frequency-following responses with a substantially reduced
signal-to-noise ratio as compared to responses elicited by a harmonic
chord in the same frequency range (see, for instance, Bidelman &
Krishnan, 2011). However, significant responses at frequencies corre-
sponding to distortion products (otoacoustic emissions at f2-f1, f3-f1
and f3-f2) were elicited in all sequences (P < 0.0001) except the
‘white noise sequence’ with no partials and thus no expected distor-
tion product (control condition; P = 0.510). Moreover, these cross-
modulation responses were surrounded by significant sideband
responses in all sequences (P < 0.0003), except in the ‘white noise
sequence’ with no expected cross-modulation product and in the
‘continuous tone sequence’ with no amplitude modulation (control
conditions; P = 0.315 and P = 0.544, respectively). To summarize,
these results corroborate previous evidence that valid estimates of
concurrent cortical and frequency-following responses to rhythmic
sequences can be recorded simultaneously with this method.

Comparing envelope-following and frequency-following
responses to rhythm

As shown at the group-level average of the frequency spectra
(Fig. 2), the obtained spectra were highly similar across the sound
signals, the cortical and frequency-following responses and the tap-
ping signal, for rhythm #1 (unsyncopated) in which meter-related

Fig. 2. Spectra of acoustic input, frequency-following and cortical envelope-following responses and tapping signals. Average across channels Fz, FCz and Cz
and participants (meter-related frequencies corresponding to the dashed lines). The spectrum is highly similar across these different signals for rhythm #1 (un-
syncopated) in which meter-related frequencies are already prominent in the input itself. In contrast, there is a graded increase at meter-related frequencies from
the frequency-following responses to the tapping, for rhythm #2 (syncopated) with no prominent meter-related frequencies in the input. Moreover, the responses
to the speeded-up rhythm exhibit a low-pass bias in both cortical and tapping signals but not in frequency-following responses, thus revealing a difference in
sensitivity to tempo across these different signals. Note that for visualization only the frequency-following responses displayed here were obtained by extracting
via Hilbert transform the amplitude of the EEG signal in the frequency range corresponding to the partials and sidebands, instead of direct measures of ampli-
tudes at partials and sideband frequencies (used for statistical tests). [Colour figure can be viewed at wileyonlinelibrary.com].

© 2018 Federation of European Neuroscience Societies and John Wiley & Sons Ltd
European Journal of Neuroscience, 47, 321–332
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frequencies are prominent in the input. In contrast, there was a grad-
ual increase of meter-related frequencies from frequency-following
responses to tapping, for the syncopated rhythm #2 with no promi-
nent meter-related frequencies in the input. Moreover, this input–
output transformation seemed to be sensitive to tempo, as the
responses to the speeded-up rhythm exhibit a low-pass bias in both
cortical responses and tapping signals but less so in the frequency-
following responses.
For rhythm #1 (unsyncopated), there was no significant interac-

tion in the 2 9 12 ANOVA comparing the 12 frequencies elicited by
the rhythm across cortical and frequency-following responses
(F7.261,6.693 = 0.763, P = 0.614). This result thus indicates commen-
surate cortical and lower-level representations of the rhythm. As for
the complementary 2 9 2 ANOVA comparing meter-related and unre-
lated frequencies, it did not reveal a significant interaction
(F0.013,1 = 0.673, pg2 = 0.034, P = 0.422). This result indicates that
activities elicited at meter-related frequencies are larger than those
elicited at meter-unrelated frequencies in both frequency-following
responses (post hoc paired t-test: t19 = 2.103, r2 = 0.188, P = 0.049)
and cortical responses (t19 = 4.459, r2 = 0.511, P = 0.0003). More-
over, a 2 9 4 repeated-measures ANOVA comparing the cortical
and frequency-following responses (factor Response) at the four dif-
ferent meter-related frequencies (factor Frequency) revealed a main
effect of Frequency (F2.438,46.314 = 10.999, pg2 = 0.367, P < 0.0001)
characterized by higher amplitude at 1.25 Hz than at the other
meter-related frequencies (paired t-tests, all P < 0.006), but no main
effect of Response and no interaction between the two factors
(both P > 0.200). In addition, the input–output distance to the
sound was not significantly different between cortical and frequency-
following responses elicited at meter-related frequencies (t19 = 0.820,
r2 = 0.034, P = 0.422). In other words, both cortical and frequency-
following responses presented prominent amplitudes at meter-related
frequencies, as found in the input, and these neural representations did
not significantly differ (Fig. 3).
This was no longer the case when the same rhythm was played

four times faster. In the speeded-up rhythm #1, there was a signifi-
cant interaction between the factors ‘Frequencies’ and ‘Cortical vs.
frequency-following responses’ in the 2 9 12 ANOVA
(F42.680,5.619 = 7.255, P < 0.0001). In the complementary 2 9 2
ANOVA comparing meter-related and unrelated frequencies, the inter-
action also reached significance (F0.780,1 = 4.602, pg2 = 0.195,

P = 0.045). This interaction was explained by a relatively small
contrast between meter-related and unrelated frequencies in the cor-
tical responses (t19 = 2.761, r2 = 0.286, P = 0.012), as compared to
the frequency-following responses (t19 = 6.217, r2 = 0.670,
P < 0.0001). Moreover, the ANOVA comparing the cortical and fre-
quency-following responses at the four different meter-related fre-
quencies revealed a significant interaction between the factors
Response and Frequency (F2.689,51.092 = 6.125, pg2 = 0.244,
P = 0.002). This interaction was attributable to higher amplitude in
the cortical responses at the slowest meter-related frequency
(1.66 Hz; P = 0.047), and higher amplitude in the frequency-follow-
ing responses at the faster frequencies (10 and 20 Hz; P = 0.007
and 0.005, respectively), suggesting increased sensitivity to slower
tempo for cortical responses compared to lower-level auditory
responses. In addition, the input–output distance was significantly
larger for cortical responses compared to frequency-following
responses elicited at meter-related frequencies (t19 = 2.145,
r2 = 0.195, P = 0.045). That is, cortical responses seemed to be
overall relatively more constrained by a low-pass function matching
the musical tempo range, compared to the lower-level responses
(see also section below, on responses at the frequency of individual
intervals in the rhythms).
Finally, in rhythm #2 (syncopated), cortical and frequency-follow-

ing responses convey significantly different representations of the
rhythm, as shown by the significant interaction between the factors
‘Cortical vs. frequency-following responses’ and ‘Frequency’ in the
2 9 12 ANOVA (F32.529,6.980 = 3.701, P = 0.001). The complemen-
tary 2 9 2 ANOVA, comparing meter-related and unrelated frequen-
cies, also yielded a significant interaction (F1.072,1 = 6.981,
pg2 = 0.269, P = 0.016). That is, the activity elicited at meter-
related frequencies was larger than activity elicited at meter-unrelated
frequencies in the cortical responses (t19 = 3.189, r2 = 0.348,
P = 0.004), but not in the frequency-following responses
(t19 = 0.570, r2 = 0.016, P = 0.575). Moreover, the ANOVA compar-
ing the cortical and frequency-following responses at the four differ-
ent meter-related frequencies revealed a significant interaction
between the factors Response and Frequency (F2.786,52.926 = 12.228,
pg2 = 0.392, P < 0.0001). This interaction was attributable to higher
amplitude in the cortical responses at the slowest meter-related fre-
quency (0.416 Hz; P = 0.002), and higher amplitude in the fre-
quency-following responses at the faster frequencies (2.5 and 5 Hz;

Table 1. Mean and standard deviation, and t-tests against zero (after noise subtraction)

Mean � stdv (lV),
t-test against zero Rhythm #1

Rhythm #1
tempo x4 Rhythm #2 White noise Continuous tone

Envelope frequencies 0.186 � 0.095
t19 = 8.729
P < 0.0001

0.192 � 0.088
t19 = 9.767
P < 0.0001

0.205 � 0.125
t19 = 7.288
P < 0.0001

0.1999 � 0.106
t19 = 8.400
P < 0.0001

�0.012 � 0.047
t19 = 1.145
P = 0.266

Partial frequencies 0.001 � 0.004
t19 = 1.422
P = 0.171

0.0009 � 0.002
t19 = 1.464
P = 0.159

0.001 � 0.002
t19 = 1.759
P = 0.094

�0.0006 � 0.001
t19 = 1.876
P = 0.076

0.002 � 0.004
t19 = 2.055
P = 0.053

Distortion-product frequencies 0.044 � 0.023
t19 = 8.578
P < 0.0001

0.032 � 0.015
t19 = 9.262
P < 0.0001

0.038 � 0.015
t19 = 11.04
P < 0.0001

0.0003 � 0.002
t19 = 0.670
P = 0.510

0.053 � 0.020
t19 = 11.49
P < 0.0001

Sideband frequencies 0.001 � 0.001
t19 = 4.405
P = 0.003

0.0009 � 0.0007
t19 = 5.635
P < 0.0001

0.001 � 0.0009
t19 = 5.647
P < 0.0001

0.0002 � 0.0009
t19 = 1.032
P = 0.315

0.0001 � 0.0008
t19 = 0.616
P = 0.544

Significant cortical responses were elicited by all sequences at frequencies of the modulation spectrum, except for the control sequence with no amplitude modu-
lation thus expected not to elicit cortical frequency-tagged responses. In contrast, no significant frequency-following activity was elicited in response to the three
partials composing the non-harmonic chord. However, significant distortion-product responses and sidebands were elicited for all rhythmic sequences (except
for the control sequence consisting of amplitude modulation of white noise instead of sine tones, which was thus expected not to elicit partials and distortion
products). The non-significant results obtained in the control conditions confirm the assumption that, in the absence of significant responses to the input, the
noise-subtracted signal tends towards zero.

© 2018 Federation of European Neuroscience Societies and John Wiley & Sons Ltd
European Journal of Neuroscience, 47, 321–332
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P = 0.005 and < 0.0001, respectively). In addition, the input–output
distance was significantly greater for cortical responses compared to
frequency-following responses elicited at meter-related frequencies
(t19 = 2.642, r2 = 0.268, P = 0.016). In other words, frequency-fol-
lowing responses show virtually no prominence at meter-related fre-
quencies, as found in the input, while in contrast cortical responses
show a relative emphasis at meter-related frequencies (Fig. 3).

Responses at frequency of individual intervals

As observed in the group-level averaged spectra (Fig. 2), the cortical
response elicited at the frequency of the shortest interval in the
rhythms (the frequency corresponding to the duration of individual
intervals, i.e. corresponding to 12th frequency peak in the modula-
tion spectrum of the inputs) seemed particularly prominent as com-
pared to those of the frequency-following responses. This increased
relative amplitude in cortical response compared to frequency-fol-
lowing response was observed in rhythm #1 (t19 = 3.048,
P = 0.006) and rhythm #2 (paired t-test: t19 = 4.664, P = 0.0002).
But this cortical increase was not sensitive to the onset structure of
the rhythm (no significant difference between rhythm #1 and rhythm
#2, t19 = 1.337, P = 0.197).
However, the cortical response at that frequency was modulated

by the tempo. There was a significant reduction in cortical response
in the speeded-up rhythm (i.e. when the frequency of individual
intervals was of 20 Hz) compared to the same rhythm presented at
moderate tempo (i.e. frequency of individual intervals of 5 Hz;
t19 = 4.830, P < 0.0001), thus reflecting the low-pass bias shaping
cortical responses in favour of activity within the musical tempo
range. In the frequency-following responses, in contrast, there was a
tendency towards increased amplitude at the speeded-up tempo (i.e.
20 Hz as compared to 5 Hz interval frequency), although it did not
reach the threshold for significance (t19 = 1.866, P = 0.075). These
results overall indicate that frequency-following responses were rela-
tively less affected by the tempo than cortical responses.
Finally, we found that cortical responses at the frequency of indi-

vidual intervals were also modulated by other properties of the stim-
ulus such as the spectral content of the tones carrying the amplitude
modulation. There was a significant reduction in the cortical
responses at that frequency when rhythm #1 was conveyed by white
noise (‘white noise sequence’) compared to the three partials
(t19 = 3.313, P = 0.003).
To summarize, the neural activity at the frequency of the individ-

ual intervals is increased between frequency-following and cortical
responses. This cortical increase is sensitive to properties of the

stimulus such as the tempo and the spectral content of the tones car-
rying the amplitude modulation, but is not sensitive to the onset
structure of the rhythm. Hence, neural activity measured at that fre-
quency contributes to the overall cortical increase observed at
meter-related frequencies, but it does not fully account for the differ-
ences observed between cortical and frequency-following responses
to rhythm.

Tapping analysis

Because of technical issues, tapping data were missing for four partic-
ipants, leaving 16 participants for the tapping analysis. This analysis
indicated that the mean intertap interval was 0.797 s for rhythm #1
(median value across participants), 0.799 s for rhythm #1 carried by
white noise, 0.798 s for rhythm #2 and 0.600 s for the speeded-up
rhythm #1. These behavioural results thus confirm theoretical assump-
tions and previous behavioural evidence on the preferred frequency
for motor entrainment to these rhythms based on grouping by four
intervals (three taps per rhythm cycle, i.e. three-beat meter) for
rhythms #1 and #2 and by 12 intervals (i.e. one tap per rhythm cycle)
for the speeded-up rhythm (Povel & Essens, 1985; Nozaradan et al.,
2012b, 2016a). These intertap intervals were also reflected in the tap-
ping sensor spectra (Fig. 2, lower graphs), exhibiting greatest peaks
at the corresponding frequencies (1.25 Hz for rhythms #1 and #2 and
1.66 Hz for the speeded-up rhythm). The coefficient of variation of
intertap intervals was 5.6% for rhythm #1 (median across partici-
pants), 5.1% for rhythm #1 carried by white noise, 6.5% for rhythm
#2 and 4.8% for the speeded-up rhythm, with no significant difference
between the conditions (one-way ANOVA, F = 1.581, P = 0.207).
These results suggest that the tapping frequency was relatively

consistent across participants for the different rhythms. But this was
not the case for the phase of tapping relative to interval onsets. As
the tapping frequencies in the rhythms played at moderate tempo
converged towards three taps per rhythm cycle, the percentage of
taps was compared across four possible beat locations (i.e. percent-
age of taps closest to onsets of intervals #1-5-9 compared to #2-6-
10, #3-7-11 or #4-8-12). For rhythm #1, the highest percentage of
taps averaged across participants was located on intervals #4-8-12
(33.58%). Surprisingly, when the same rhythm #1 was presented at
the same tempo but carried by white noise instead of three tones,
the preferred location shifted to intervals #3-7-11 (35.12% of taps).
For rhythm #2, the highest percentage of taps was found on inter-
vals #4-8-12, with 27.59% of taps. Finally, for the speeded rhythm,
the tapping frequencies converged towards one tap per rhythm
cycle, so that the percentage of taps was compared across twelve

Fig. 3. Statistical comparison of the amplitudes at meter-related and unrelated frequencies. In the unsyncopated rhythm #1, frequency-following responses
(FFR, mean and standard deviation, blue points for individual data) and cortical envelope-following responses (EFR, in red) both present prominent responses
at meter-related frequencies, as in the input (grey horizontal line), and these responses do not significantly differ (ns, non-significant, for the interaction of the
2 9 2 ANOVA). This result is disrupted when the same rhythm is played four times faster, revealing an increased sensitivity to tempo in cortical responses
(*P < 0.05). Moreover, for the syncopated rhythm #2 in which meter-related frequencies are not prominent in the input, frequency-following responses also
show no prominence at meter-related frequencies, while cortical responses show a relative emphasis at meter-related frequencies (**P < 0.01). [Colour figure
can be viewed at wileyonlinelibrary.com].

© 2018 Federation of European Neuroscience Societies and John Wiley & Sons Ltd
European Journal of Neuroscience, 47, 321–332
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possible beat positions, and the highest percentage was found on
interval #3 (16.61%). However, in all conditions, there were no sig-
nificant differences across the possible beat locations (one-way ANO-

VAs, all P values ≥ 0.231), suggesting that the beat position was
generally variable across participants. This overall variability across
participants could also be explained in part by shifts in beat position
observed in approximately half of the participants over the different
rhythms.

Correlation between neural and behavioural measures of
entrainment to rhythm

We tested whether the ability to tap to the beat was explained by
the relative amplitude at meter-related frequencies obtained in the
frequency-following responses vs. the cortical envelope-following
responses. This was tested with a multiple linear regression analysis
with the coefficient of variation in tapping (averaged across rhythm
conditions) as dependent variable and the relative amplitude at
meter-related frequencies obtained for cortical and frequency-follow-
ing responses (averaged across rhythm conditions) as independent
variables (note that the independent variables showed very little cor-
relation with each other; Pearson’s coefficient r = 0.189,
P = 0.484). The obtained model was not significant (R2 = 0.280,
F2,15 = 2.522, P = 0.119). This result may be due to a lack of or an
indirect relationship between the neural and tapping data as mea-
sured in our study or may be due to the fact that there was insuffi-
cient variance in the data (participants were not specifically selected
to maximize interindividual differences in tapping performance).
However, the partial correlation between tapping and cortical mea-
sures reached the threshold for significance (R = �0.536,
P = 0.044), in contrast to the partial correlation between tapping
and frequency-following measures (R = 0.156, P = 0.527).
Although these correlation tests do not yield robust statistical evi-
dence, they suggest a particular relationship between tapping and
cortical responses, as compared to frequency-following responses.
Specifically, participants with lowest variability in their motor
entrainment to rhythm tend to be those with larger cortical responses
at meter-related frequencies.

Time-domain analysis

As shown in Fig. 4, the time course of frequency-following
responses is characterized by a relatively faithful tracking of the
envelope of the ‘acoustic’ pulses. In contrast, the cortical responses
display a more complex form of tracking, with slow fluctuations
over multiple intervals including ‘silent’ intervals modulating the
responses to individual intervals. Moreover, the time course of
responses to the speeded-up rhythm confirms the results of the fre-
quency-domain analysis, by showing that cortical responses are no
longer able to track the sound envelope at faster tempo and thus
tend to respond to the entire repetition of the rhythm rather than
individual intervals. For this reason, further time-domain analyses of
the amplitude in response to individual intervals were only per-
formed for rhythms played at moderate tempo (i.e. rhythms #1 and
#2), but not for the speeded-up rhythm.

Responses to ‘acoustic’ vs. ‘silent’ intervals

The amplitude of frequency-following responses was significantly
reduced during ‘silent’ intervals compared to ‘acoustic’ intervals, for
both rhythms #1 and #2 (significant effect of factor ‘acoustic vs.
silent intervals’: F1,19 = 20.580, P < 0.0001; no effect of factor

‘Rhythm’ and no interaction between factors, all P > 0.7). In con-
trast, cortical responses showed no significant differences between
‘acoustic’ and ‘silent’ intervals (P = 0.351; no effect of factor
‘Rhythm’ and no interaction between factors, all P > 0.066).

Modulation by the number of immediately preceding ‘acoustic’
intervals

The cortical ‘acoustic’- and ‘silent’-evoked responses were signifi-
cantly modulated by the number of immediately preceding ‘acoustic’
intervals (Fig. 5; ‘silent’-evoked cortical responses: Kruskal–Wallis
ANOVA H5 = 12.430, P = 0.010; ‘acoustic’-evoked cortical
responses: H5 = 30.280, P < 0.0001). For cortical ‘silent’-evoked
responses, the significant difference across instances preceded by
different number of ‘acoustic’ intervals was characterized by a sig-
nificant positive linear trend (slope: 0.11, P = 0.045, linear fit:
R2 = 0.819). That is, the greater the number of immediately preced-
ing ‘acoustic’ intervals, the larger the amplitude of cortical ‘silent’-
evoked responses. In contrast, for cortical ‘acoustic’-evoked
responses, there was no significant linear trend (P = 0.463), indicat-
ing that ‘acoustic’-evoked responses did not linearly follow a neural
adaptation model. Instead, post hoc Mann–Whitney U-tests revealed
significant reduction in amplitude only for the instance preceded by
one ‘acoustic’ interval (all P < 0.038).
In contrast with cortical responses, frequency-following responses

were not modulated by the number of immediately preceding
‘acoustic’ intervals (frequency-following responses to ‘silent’ inter-
vals: H5 = 0.350, P = 0.986; frequency-following responses to
‘acoustic’ intervals: H5 = 0.347, P = 0.986). These results suggest
that these auditory responses were relatively stable over time or that
these measures were not sensitive enough to capture an effect.

Fig. 4. Time course of frequency-following responses and cortical envelope-
following responses (group-level average). The chunks correspond to the time
window between each onset of the repeated rhythmic patterns (in grey). The
cortical envelope-following responses were obtained by filtering the EEG
between 0.1 and 30 Hz, and the frequency-following responses were obtained
by extracting the amplitude between 134 and 354 Hz. Frequency-following
responses overall exhibit a relatively faithful tracking of the envelope of the
‘acoustic’ intervals. In contrast, cortical responses display a more complex
form of tracking, with processes of grouping and slow fluctuations over multi-
ple intervals. In the speeded-up rhythm, cortical responses show larger group-
ing across intervals. [Colour figure can be viewed at wileyonlinelibrary.com].

© 2018 Federation of European Neuroscience Societies and John Wiley & Sons Ltd
European Journal of Neuroscience, 47, 321–332
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On-beat vs. off-beat responses

The on-beat vs. off-beat difference was calculated for a three-beat
meter (i.e. in accordance with the mean intertap intervals obtained in
the tapping data) across the four different possible beat locations.
When calculated with the sound input of rhythm #1 (by taking ‘acous-
tic’ intervals = 1 and ‘silent’ intervals = 0), this yielded a quadratic
function with values [0.44, 0, 0, 0.44] across four possible beat posi-
tions. A similar function across beat positions was thus expected if the
neural responses were mainly driven by the acoustic input. This was
tested using polynomial contrast analysis. A similar quadratic contrast
was found for frequency-following responses (F = 10.278,
P = 0.005) but not for cortical responses to rhythm #1 (P > 0.642),
which instead followed a cubic function favouring the second and
fourth beat positions (F = 10.508, P = 0.004). For rhythm #2, the on-
beat vs. off-beat difference calculated with the sound input yielded a
function close to a linear or cubic function in favour of the third beat
position ([�0.44, 0, 0.44, 0] across the four possible beat positions).
A linear contrast was found at threshold for frequency-following
responses (F = 4.277, P = 0.053) and was also found for cortical
responses (F = 5.085, P = 0.036), though cortical responses were
best explained by a cubic function favouring the second and fourth
beat positions (F = 12.187, P = 0.002). Together, these results sug-
gest that frequency-following and cortical responses did not match
each other or the stimulus with respect to on-beat vs. off-beat ampli-
tude differences. Finally, the same analysis conducted on the tapping
data yielded no significant effect for the polynomial contrast (rhythms
#1 and 2: all P > 0.424), confirming the overall variability in target
beat positions across participants in the tapping data.

Discussion

How the human brain performs the transformation from rhythmic
acoustic inputs into perceptual metric units is a key issue in under-
standing the neural mechanisms enabling rhythmic entrainment. To
address this question, we brought together physical measures of
rhythmic acoustic inputs, physiological measures of neural outputs
at different stages of auditory processing and behavioural measures
of entrainment to the beat.

Cortical responses showed increased amplitudes at meter-related
frequencies, regardless of the prominence of meter-related frequen-
cies in the modulation spectrum of the rhythmic inputs. Cortical
activity was also found to correlate with behavioural measures of
motor entrainment to the rhythms and to be disrupted at fast tempo.
In contrast, frequency-following responses were less affected by the
tempo and did not show increased amplitudes at meter-related fre-
quencies for the more challenging syncopated rhythm with no
prominent meter-related frequencies in the input. These findings
indicate critical transformations between cortical and lower-level
auditory representations of rhythm in humans, possibly linked to the
emergence of a perceptual representation of meter across different
stages of auditory processing.

Slow and fast time scale responses to rhythm

Frequency-following responses were captured in response to three
non-harmonic partial tones above 150 Hz. This neural activity was
elicited at the frequencies corresponding to the distortion products
across the three tones and at sideband frequencies corresponding to
the rhythmic amplitude modulation of these tones. Fast time scale
responses > 150 Hz have long been assumed to originate mainly
from the inferior colliculus, located in the human brainstem (see,
e.g. Skoe & Kraus, 2010). However, recent work has cast doubt on
this assumption, providing evidence that these responses could
instead constitute a mixture of activity not only from auditory brain-
stem nuclei but also from cortical sources, in particular from the ear-
liest auditory cortical stages (Coffey et al., 2016, 2017). Moreover,
brainstem nuclei are known to transmit auditory information to corti-
cal areas through ascending fibres, but these subcortical nuclei also
receive corticofugal inputs modulating their activity in turn (see, e.g.
Winer, 2006; Winer & Lee, 2007; Bajo & King, 2013). Hence, we
cannot reject the hypothesis that in the current study cortical pro-
cesses contributed to the frequency-following responses recorded
here with surface EEG, either through corticofugal transmission or
as an actual portion of neural activity elicited at fast time scale. Irre-
spective of the answer to this question, our findings indicate that the
representation of rhythm conveyed by these fast time scale
responses is not redundant with those conveyed by cortical
responses captured at much slower time scale (< 20 Hz). Rather,
slower time scale responses show a relatively greater dissociation
from the acoustic input, with stronger emphasis of meter-related fre-
quencies regardless of the prominence of these frequencies in the
input, compared to frequency-following responses, which seem to
be relatively more directly driven by the stimulus.
This finding fits well with the view that slow time scale responses

reflect activity from cortical sources, especially from primary and
secondary auditory areas, which are themselves functionally con-
nected to higher-level associative and/or motor areas. This cortical
activity, due to its overall relatively slow lingering dynamics, may
enable temporal integration and higher-level encoding of the tempo-
ral properties of sounds, compared to frequency-following responses.
Cortical activity would thus be able to convey greater level of
abstraction from the acoustic stimulus compared to frequency-fol-
lowing responses, which reflect activity from the earliest auditory
cortical stages and subcortical auditory nuclei. This view is also
consistent with recent data recorded directly in the human auditory
cortex using intracranial depth electrodes in Heschl’s gyrus and the
planum temporale of epileptic patients (Nozaradan et al., 2016c). In
this work, a selective enhancement of the neural activity at meter-
related frequencies was observed in the primary auditory cortex, but
was even more pronounced in the secondary auditory cortex

Fig. 5. Cortical responses to individual ‘acoustic’ and ‘silent’ intervals.
Mean and standard deviation; the individual points represent the cortical
responses of each participant at each individual instances where an ‘acoustic’
or ‘silent’ interval was immediately preceded by a given number of ‘acous-
tic’ intervals, merged across rhythms #1 and #2. The ‘acoustic’-evoked
responses to the second of a cluster of ‘acoustic’ intervals were decreased
compared to the responses to the first, penultimate or last ‘acoustic’ interval
of a cluster. In contrast, ‘silent’-evoked responses increased with the number
of immediately preceding ‘acoustic’ intervals (*P < 0.05, **P < 0.01,
***P < 0.001). [Colour figure can be viewed at wileyonlinelibrary.com].

© 2018 Federation of European Neuroscience Societies and John Wiley & Sons Ltd
European Journal of Neuroscience, 47, 321–332

330 S. Nozaradan et al.

 14609568, 2018, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ejn.13826 by B

ibliothecaire E
n C

hef U
ni C

atholique D
e L

ouvain (U
cl), W

iley O
nline L

ibrary on [29/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



(planum temporale), especially for a syncopated rhythm with no
prominent meter-related frequencies in the input.

From selective neural enhancement to rhythmic motor
entrainment

Our results show a graded selective enhancement of meter-related
frequencies across different stages of auditory processing. The exact
mechanisms leading to this input–output transformation of the
rhythms remain unclear. For example, this process could find its
roots in low-level auditory properties that are shared across most
mammalian species regardless of their abilities to synchronize move-
ments to rhythmic inputs (Merchant & Honing, 2014). Along this
line, midbrain adaptation has been proposed as a low-level process
which, by encoding the temporal properties of sounds, would create
points of neural emphasis that may influence the perceptual emer-
gence of meter (Rajendran et al., 2017). Such a process of neural
emphasis could also provide a neurobiological foundation to previ-
ous models that explained the perceptual emergence of meter based
on a set of rules by which points of perceptual emphasis or percep-
tual accents, are generated according to the onset structure and
tempo of the rhythmic input (Povel & Essens, 1985).
Relatedly, the time-domain analyses performed in the current

study revealed modulations of neural responses by the number of
immediately preceding sounds. Specifically, the response to a sound
was significantly reduced when directly preceded by another sound,
compared to the responses to sounds located at the first, penultimate
or last position in a cluster of sounds. However, these modulations
were not found in the frequency-following responses. Most impor-
tantly, these modulations are not readily explained by a process of
adaptation, as found in the midbrain of non-human models. This dis-
crepancy between human and non-human animal data could be due
to differences in the measurements used in these studies (firing rate
and local field potential measures in response to acoustic events in
two anesthetized gerbils vs. surface EEG recording during active lis-
tening in humans). But it could also be related to the differences
across animal species in the general ability to entrain to rhythmic
inputs (see, e.g. the gradual audiomotor evolution hypothesis; Mer-
chant & Honing, 2014). On the one hand, some species such as ger-
bils would present rudiments of meter processing in the form of
neural emphasis at instances coinciding with the meter while listen-
ing to rhythmic patterns, and this neural emphasis would be pro-
duced by low-level properties of subcortical auditory neurons
widely shared across animals (Rajendran et al., 2017). On the other
hand, other species such as humans would be equipped with func-
tional connections between these low-level sensory processes and
higher-level associative and/or motor areas, thus allowing rhythmic
entrainment to emerge with substantial flexibility and invariance
with respect to the rhythmic input.
This dissociation with respect to the input is reflected clearly in

our behavioural measures of motor entrainment to the rhythms,
showing consistent frequency but variable phase across participants.
Indeed, while the intertap intervals generally converged towards the
theoretically predicted beat period, there was an overall absence of a
consistent set of beat locations across participants, as observed by
comparing the percentage of taps performed on-beat vs. off-beat.
Also, the high variability in phase of tapping across participants was
partly produced by shifts in beat positions observed over the course
of trials in some participants. This high variability in phase but not
in period across participants suggests that the selection of the phase
of the perceived metrical structure, that is the selection of the anchor
points relative to the rhythmic input, may rely on mechanisms that are

distinct from the selection of the frequencies of the perceived metrical
structure (Repp & Saltzman, 2002).
In the current study, time-domain measures of on-beat vs. off-beat

amplitude differences were used to test whether the selective neural
enhancement of meter-related frequencies observed in the frequency
domain was reflected in a consistent increase at specific equally
spaced intervals across participants. In other words, this method
allowed the consistency of beat positions across participants to be
examined, in contrast with the frequency-domain analysis, which is
blind to this information. Interestingly, the time-domain analysis
yielded an overall absence of consensus beat positions across partici-
pants and across the cortical and frequency-following responses. This
result could be due to high interindividual variability in the anchor
points of the perceived metrical structure, as found in the tapping
data. But this result could also be attributable to the fact that the
time-domain approach required averaging the signals across a large
number of cycles and binning the averaged signals into 200-ms tem-
poral windows corresponding to individual intervals, which may not
fully capture the neural dynamics elicited by these rhythmic inputs.
These considerations thus highlight the relevance of frequency-
domain approaches for characterizing processes of selective neural
enhancement at specific frequencies, to complement time-domain
approaches.
Taken together, the results of our study suggest that the selection

of a subset of frequencies serving as perceived metrical structure
could arise at the earliest auditory cortical stage, perhaps even at
subcortical stage when these frequencies are relatively prominent in
the acoustic input. However, this process of temporal selection is
critically shaped at the cortical level, especially for complex rhythms
in which the meter does not systematically match the onset struc-
tures. This critical transformation may possibly arise through func-
tional connections between the auditory cortex and other,
movement-related, brain structures. Future research capturing this
input–output transformation of rhythm across different cortical
regions (e.g. via multiple depth-electrode recordings) may provide a
more detailed picture of these processes as embodied throughout the
nervous system, and how they differ across animal species.
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