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Nozaradan S, Mouraux A, Cousineau M. Frequency tagging to
track the neural processing of contrast in fast, continuous sound
sequences. J Neurophysiol 118: 243–253, 2017. First published April
5, 2017; doi:10.1152/jn.00971.2016.—The human auditory system
presents a remarkable ability to detect rapid changes in fast, contin-
uous acoustic sequences, as best illustrated in speech and music.
However, the neural processing of rapid auditory contrast remains
largely unclear, probably due to the lack of methods to objectively
dissociate the response components specifically related to the contrast
from the other components in response to the sequence of fast
continuous sounds. To overcome this issue, we tested a novel use of
the frequency-tagging approach allowing contrast-specific neural re-
sponses to be tracked based on their expected frequencies. The EEG
was recorded while participants listened to 40-s sequences of sounds
presented at 8Hz. A tone or interaural time contrast was embedded
every fifth sound (AAAAB), such that a response observed in the EEG
at exactly 8 Hz/5 (1.6 Hz) or harmonics should be the signature of
contrast processing by neural populations. Contrast-related responses
were successfully identified, even in the case of very fine contrasts.
Moreover, analysis of the time course of the responses revealed a
stable amplitude over repetitions of the AAAAB patterns in the
sequence, except for the response to perceptually salient contrasts that
showed a buildup and decay across repetitions of the sounds. Overall,
this new combination of frequency-tagging with an oddball design
provides a valuable complement to the classic, transient, evoked
potentials approach, especially in the context of rapid auditory infor-
mation. Specifically, we provide objective evidence on the neural
processing of contrast embedded in fast, continuous sound sequences.

NEW & NOTEWORTHY Recent theories suggest that the basis of
neurodevelopmental auditory disorders such as dyslexia might be an
impaired processing of fast auditory changes, highlighting how the
encoding of rapid acoustic information is critical for auditory com-
munication. Here, we present a novel electrophysiological approach to
capture in humans neural markers of contrasts in fast continuous tone
sequences. Contrast-specific responses were successfully identified,
even for very fine contrasts, providing direct insight on the encoding
of rapid auditory information.

electroencephalographic; frequency tagging; auditory contrast; sen-
sory discrimination

THE HUMAN AUDITORY SYSTEM presents a remarkable ability to
detect changes even when embedded in fast, continuous se-
quences, as best illustrated in speech and music. For example,
understanding speech or enjoying a musical piece requires the
ability to process acoustic contrasts occurring at a fast rate,
which are often low within the subsecond range (Bregman
1990). Psychoacoustic investigations of the phenomenon have
shown that the rate of the sequence in which the contrast is
embedded is a critical parameter influencing contrast process-
ing (Albouy et al. 2016; Freyman and Nelson 1986). In normal
listeners, the ability to discriminate between two successive
sounds of distinct frequencies is positively correlated with the
duration of the sound and is also enhanced by the presence of
a silent gap between the sounds (Albouy et al. 2016; Freyman
and Nelson 1986). Specifically, as duration increases, the
sensitivity to frequency contrast between two successive tones
increases rapidly over a range of short durations (starting at
5-ms duration), and more gradually for longer durations (100
ms), to reach an asymptote at �200 ms (Freyman and Nelson
1986). This observation has been interpreted as an effect of
backward masking through which the perceptual analysis of a
sound, or accumulation of evidence, is stopped by a subsequent
sound presented soon after the first one, thus explaining the
reduced discrimination abilities observed with reduced tone
duration (Demany and Semal 2005, 2007; Massaro and Idson
1977). Relatedly, difficulties in processing brief, rapidly
changing acoustic information have been described in auditory
neurodevelopmental disorders such as dyslexia, specific lan-
guage impairments, and congenital amusia (Albouy et al. 2016;
Goswami 2015; Tallal et al. 1993; Tallal 2004), highlighting
the importance of processing auditory information that arrives
rapidly and sequentially.

To investigate the underlying neural mechanisms, electro-
encephalographic (EEG) recordings appear as an optimal
means to obtain measures of contrast processing with high
temporal resolution. Moreover, these measures present the
advantage of being independent from behavioral performance,
thus preventing contamination by irrelevant decisional pro-
cesses that could possibly bias these measures, especially in
impaired individuals. Typically, in these EEG studies, the
detection of auditory contrasts is associated with a particular
brain response referred to as the mismatch negativity (MMN)
and identified in the human EEG �150–200 ms from contrast

Address for reprint requests and other correspondence: S. Nozaradan,
Inst. of Neurosciences, Université Catholique de Louvain 53, Avenue
Mounier—UCL 53.75 B-1200, Brussels, Belgium (e-mail: sylvie.
nozaradan@uclouvain.be).

J Neurophysiol 118: 243–253, 2017.
First published April 5, 2017; doi:10.1152/jn.00971.2016.

2430022-3077/17 Copyright © 2017 the American Physiological Societywww.jn.org

Downloaded from www.physiology.org/journal/jn (109.136.171.108) on July 5, 2019.

http://doi.org/10.1152/jn.00971.2016.
mailto:sylvie.nozaradan@uclouvain.be
mailto:sylvie.nozaradan@uclouvain.be


onset (for recent reviews, see, e.g., Escera and Malmierca
2014, May and Tiitinen 2010, and Näätänen et al. 2007). More
recently, a number of studies have shown that earlier compo-
nents in the range of midlatency, auditory-evoked potentials
(i.e., a series of positive and negative deflections occurring
between 10 and 50 ms after stimulus onset) can also be
modulated by a contrast in acoustic features such as a contrast
in the frequency of tones (further referred to as “tone contrast”
in the current study; see Escera and Malmierca 2014, Kraus et
al. 1994, and Nelken 2014; see Grimm and Escera 2012 and
Grimm et al. 2016 for review).

However, most of these EEG studies have investigated
deviant-related neural responses using relatively long inter-
stimulus intervals (usually longer than 150 ms, between 200
and 500 ms on average, including silent gaps between succes-
sive items). In contrast, there are surprisingly few studies
investigating the neural processing of contrasts embedded in
fast, continuous sequences, although this range seems critical
to understand the brain mechanisms underlying the processing
of brief, rapidly changing acoustic information and its impair-
ment (e.g., in neurodevelopmental disorders such as dyslexia;
see Albouy et al. 2016). Moreover, previous studies measuring
MMN potentials have failed to capture significant deviance
responses, especially when the contrast was regular and thus
predictable and was presented at high rate, as is most often the
case in speech and music for instance (see Grimm et al. 2016;
Sussman et al. 1998).

The current study aimed to investigate the neural processing
of contrasts, especially when embedded in fast, continuous
sound sequences, that is, when the contrast is presented at a
rate that appears to be critical for auditory communication in
daily life activities and its impairment. To this aim, we used a
new alternative approach that combines an oddball design and
a frequency-tagging method (see e.g., de Heering and Rossion
2015, Liu-Shuang et al. 2014, Norcia et al. 2015, and Rossion

2014 for the first studies using this approach in high-level
vision). This approach was proposed as a means to objectively
dissociate contrast-specific responses from the other response
components to the continuous sequence of inputs based on the
frequency one would expect given the structure of the se-
quence, irrespective of the rate with which stimuli are pre-
sented. In the current study, the continuous sequence of inputs
consisted in pure tones of 125-ms duration repeated for 40 s.
Hence, the response to the envelope of acoustic energy was
expected to elicit a periodic EEG response at 8 Hz (and
harmonics), corresponding to the frequency of the tone repe-
tition in the sequence (Fig. 1). Most importantly, a contrasting
stimulus was introduced every 5th tone in the sequence ac-
cording to an AAAAB pattern, such that an EEG response
observed exactly at 8 Hz/5 (1.6 Hz) and harmonics would be
the signature of contrast detection and/or its consequence by
neural populations.

In two experiments, we tested two different types of auditory
contrasts, tone or interaural time contrast. In the first experi-
ment, the tone contrast was either undetectable, small, or large
according to the Western musical scale of tones. With the rate
of presentation used here, the large contrast was also expected
to induce a perceptual effect of “stream segregation,” in which
the A and B tones would be perceived as distinct auditory
streams (Bregman 1990; van Noorden 1975). Furthermore,
because contrast responses observed in this first experiment
could be due to the effects occurring at a peripheral level, as
stimuli of different tones do not activate the same peripheral
cochlear afferents, we conducted a second experiment in which
a difference in interaural timing was used to induce a contrast
in the perceived spatial location of A and B tones. In this
second experiment, the peripheral cochlear channels activated
by the A and B tones were strictly identical, and the observa-
tion of a contrast-specific EEG response would thus demon-
strate that the processing of auditory contrast embedded in fast,

Fig. 1. AAAAB pattern and stimuli of ex-
periment 1 with tone contrast. A: structure of
the AAAAB pattern repeated over the 40-s
sequences. B: time frequency maps of the
AAAAB pattern in experiment 1. The tone
contrast between A and B tones was either
0.02 (undetectable contrast; sequence 1),
0.50 (small detectable contrast; sequence 2),
or 4 semitones (large detectable contrast;
sequence 3). C, left: frequency spectrum of
the sound envelope of the 3 sequences, with
a peak at 8 Hz corresponding to the 125-ms
repetition rate of the tones (i.e., base fre-
quency). C, right: frequency spectrum of the
cochlear response predicted by a cochlear
channel model (displayed as normalized rel-
ative to the maximum magnitude within
each sequence). Note that the cochlear chan-
nel model predicts an additional peak at 8
Hz/5 and harmonics, corresponding to the
contrast occurrence. Also note that the pre-
dicted amplitude of the response at base
frequency was much higher than the re-
sponse at contrast frequency in sequence 2
(small contrast). Conversely, the predicted
amplitude of the base response was much
smaller than the contrast response in se-
quence 3 (large contrast).

244 CONTRAST-SPECIFIC NEURAL RESPONSES IN FAST SOUND SEQUENCES

J Neurophysiol • doi:10.1152/jn.00971.2016 • www.jn.org

Downloaded from www.physiology.org/journal/jn (109.136.171.108) on July 5, 2019.



continuous sequences does not rely solely on a process of
peripheral cochlear channeling.

MATERIALS AND METHODS

Participants

Twenty-four healthy participants took part in the study after pro-
viding written, informed consent, with 12 volunteers in experiment 1
(5 males, all right-handed except for 1, mean age 27 � 3 yr) and 12
volunteers in experiment 2 (6 males, all right-handed, mean age
29 � 4 yr). All participants were mostly familiar with music produced
according to the Western musical scale, but none were professional
musicians (no training of �10 yr). They had no history of hearing,
neurological, or psychiatric disorders and were not taking any drugs at
the time of the experiment. The study was approved by the Ethics
Committee of the Catholic University of Louvain (Brussels, Bel-
gium).

Experiment 1: Tone Contrast

The stimulus consisted of a pattern made of alternated A and B
tones in the form AAAAB (Fig. 1A). This pattern was continuously
looped to generate 40-s sequences. A and B were pure tones of
125-ms duration (i.e., 8-Hz presentation rate), with 10-ms rise and fall
cosine ramps. Given the structure of the sequence, an EEG response
observed at 8 Hz and harmonics should correspond to the neural
response elicited by the acoustic energy of the sequence (further
referred to as the “base response”), whereas an EEG response ob-
served at 8 Hz/5 and harmonics should correspond to a neural
response specifically related to the contrast between A and B sounds
(“contrast response”) (de Heering and Rossion 2015; Jonas et al.
2016; Liu-Shuang et al. 2014; Rossion 2014). Note that the term
“contrast response” refers to the differential response between A and
B tones, which would arise if and only if the responses elicited by the
A and B tones substantially differed from each other (see e.g., Lochy
et al. 2016 and Retter and Rossion 2016).

In condition 1 (baseline condition), the contrast between A and B
was 0.02 semitone (tone A � 1,000 Hz, tone B � tone A � 0.02
semitones � 1,001.2 Hz). In condition 2, the contrast was 0.50
semitones (tone A � 1,000 Hz, tone B � 1,029.3 Hz). In condition 3,
the contrast was four semitones (tone A � 1,000 Hz, tone B � 1,259.9
Hz) (Fig. 1B). These sound sequences were presented in three separate
blocks for the three conditions. The order of the blocks was counter-
balanced across participants. In each block, the 40-s auditory se-
quence was repeated eight times (8 trials/condition). The onset of each
sequence was self-paced and preceded by a 3-s foreperiod. The

experimenter remained in the recording room at all times to monitor
compliance to the procedure and instructions throughout the experi-
ment. To ensure that participants focused their attention on the sound,
they were asked to carefully listen to the sound and report at the end
of each sequence any irregularity in duration, pitch, and intensity of
the sounds over the sequences. There was no actual irregularity in any
of the sequences; nevertheless, participants did report detecting subtle
changes throughout the sequences in about half of the trials on
average.

Based on previous behavioral studies on contrast detection and
auditory stream segregation (see, e.g., Bregman 1990 and van
Noorden 1975), a contrast of 0.02 semitone embedded in a continuous
sequence presented at 8 Hz was expected to be undetectable. Con-
versely, 0.50 and 4 semitone contrasts were expected to be detectable.
In addition, the sequence with 4 semitone contrast was expected to
induce stream segregation. To confirm this, every participant was
asked at the end of each condition whether “there was one or two
distinct notes repeated over the sequences”, as an index of discrimi-
nation across A and B tones. They were also asked whether they had
“a feeling that an additional, high-pitched sound was played on top of
the stream of fast repeated low-pitched tone,” as an index of stream
segregation between A and B tones. The auditory stimuli were created
and presented using Matlab (MathWorks) with binaural presentation
through headphones at a comfortable hearing level corresponding to
~70 dB SPL (BeyerDynamic DT 990 PRO).

Experiment 2: Interaural Time Contrast

The sequence design and task of experiment 2 were identical to
those of experiment 1, except for the fact that the contrast between A
and B tones was based on a difference in interaural timing, inducing
an illusion of spatial contrast. Because interaural timing contrasts are
known to be processed in the central relays of the ascending auditory
pathway after the cochlea (see e.g., Yost 2000), experiment 2 allowed
for testing whether contrast-related responses embedded in fast, con-
tinuous auditory sequences and identified with the frequency-tagging
approach could be elicited by mechanisms other than differences in
peripheral cochlear channeling.

Such as in experiment 1, an undetectable 0.02 semitone frequency
contrast between A and B tones was used as baseline condition (tone
A � 200 Hz, tone B � tone A � 0.02 semitones � 200.2 Hz). Lower
tone frequencies were used in experiment 2 compared with experiment
1, because a longer cycle period was required to introduce the
interaural time delay. In condition 2, A tones were presented with the
left/right ear preceding the right/left ear by a time lag of 600 �s,
whereas B tones were presented with the right/left ear preceding the
left/right ear by 600 �s (Fig. 2). This interaural timing contrast

Fig. 2. Stimuli of experiment 2 with interaural time
contrast. A: in condition 1, there was no interaural
time contrast between A and B tones (top). In
condition 2, the A and B tones were presented with
an interaural time contrast of 600 �s (bottom),
inducing an illusion of 180° azimuth contrast be-
tween A and B tones and thus an effect of stream
segregation due to the perceived separate spatial
sources. B: frequency spectrum of the sound enve-
lope and of the cochlear signals obtained using a
cochlear channel model of response (displayed as
normalized relative to the maximum magnitude
within each sequence). Note that, in both conditions,
no peaks emerge at contrast frequencies, because
interaural time contrasts cannot be processed by
cochlear channels.
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induced an illusion of spatial source contrast between A and B tones
and was also expected to induce a perceptual phenomenon of stream
segregation based on these perceived separate spatial sources for A
and B tones (segregated auditory streams are usually associated with
distinct sound sources; see Bregman 1990 and van Noorden 1975). To
confirm this, participants were asked at the end of each condition
whether or not they had “a feeling that one sound was coming from
one side on top of the stream of fast repeated tones coming from the
opposite side.” The side of the perceived location of A and B tones
was counterbalanced across participants.

Sound Sequence Analysis

The envelope of the different 40-s sound sequences of experiments
1 and 2 was extracted using the Hilbert function implemented in
Matlab to obtain a time-varying estimate of the instantaneous ampli-
tude of the sound envelope (Cirelli et al. 2016; Nozaradan et al. 2016a,
2016b, 2016c). The obtained waveforms were then transformed in the
frequency domain using a discrete Fourier transform to obtain a
frequency spectrum of envelope magnitude, as displayed in Figs. 1
and 2 (for experiments 1 and 2, respectively). Hence, this analysis
yielded a model of response corresponding to the envelope of acoustic
energy of the sequences.

The sequences were also analyzed using a cochlear channel model
(Gammatone filter bank modeling the peripheral processing per-
formed by cochlear channels), as implemented in the Auditory Tool-
box running on Matlab (Slaney 1998). The obtained bands centered on
the carrier frequencies of the A and B tones were then transformed in
the frequency domain using a Fourier transform (Figs. 1 and 2). This
analysis yielded a cochlear channel model or prediction of responses
to the contrasts embedded in the sequences, to which the EEG data
could be further compared.

EEG Recording

Participants were seated comfortably in a chair with the head
resting on a support. They were instructed to relax, avoid any
unnecessary head or body movement, and keep their eyes fixated on
a point displayed on a computer screen in front of them. The EEG was
recorded using 64 Ag-AgCl electrodes placed on the scalp according
to the International 10/10 system. Vertical and horizontal eye move-
ments were monitored using four additional electrodes placed on the
outer canthus of each eye and on the inferior and superior areas of the
left orbit. Electrode impedances were kept below 10 k�. The signals
were amplified, low-pass filtered at 500 Hz, digitized using a sampling
rate of 1,000 Hz, and referenced to an average reference (64-channel
high-speed amplifier; Advanced Neuro Technologies).

EEG Analysis

The continuous EEG recordings were filtered using a 0.1-Hz
high-pass FFT filter to remove very slow drifts in the recorded signals.
Epochs lasting 40 s were obtained by segmenting the recordings from
�0 to �40 s relative to the onset of the auditory sequence. Artifacts
produced by eye blinks or eye movements were removed using a
validated method based on an independent component analysis ap-
plied on the entire set of EEG data (Jung et al. 2000) using the runica
algorithm (Bell and Sejnowski 1995; Makeig 2002), leading to the
rejection of one independent component per participant. For each
subject and condition, EEG epochs were averaged across trials (i.e., 8
trials averaged per condition and participant). The time domain
averaging procedure was used to enhance the signal-to-noise ratio of
EEG activities time-locked to the input sequences (and to attenuate
the contribution of possible artifacts, e.g., due to heart rate). The
obtained average waveforms were then transformed in the frequency
domain using a discrete Fourier transform, yielding a frequency
spectrum of signal amplitude (�V) ranging from 0 to 500 Hz with a

frequency resolution of 0.025 Hz. These EEG processing steps were
carried out using Letswave 5 and 6 (http://nocions.webnode.com/) and
Matlab (MathWorks).

Within the obtained frequency spectra, the amplitudes may be
expected to correspond to the sum of 1) responses elicited by the
stimulus and 2) unrelated residual background noise due, for example,
to spontaneous EEG activity, muscle activity, or eye movements.
Therefore, to obtain valid estimates of the responses, the contribution
of this noise was removed by subtracting, at each bin of the frequency
spectra, the average amplitude measured at neighboring frequency
bins (2nd to 12th frequency bins relative to each bin) for each
participant, condition, and electrode. The validity of this subtraction
procedure relies on the assumption that, in the absence of a periodic
EEG response, the signal amplitude at a given frequency bin should be
similar to the signal amplitude of the mean of the surrounding
frequency bins (Chemin et al. 2014; Mouraux et al. 2011; Nozaradan
et al. 2012, 2015, 2016a). The magnitudes of the contrast and base
responses were obtained for each condition and participant by aver-
aging the amplitude over a pool of fronto-central electrodes (Fz, FCz,
Cz, F1, F2, FC1, and FC2) based on the topographical maps of
responses to auditory contrasts as obtained in most previous studies
using oddball designs (Näätänen et al. 2007).

The magnitudes of the responses were then estimated from these
averaged activities by taking the noise-subtracted amplitude measured
at the exact frequency of the expected responses (8 Hz for the base
response and 8 Hz/5 � 1.6 Hz for the contrast response). Because the
sound envelope itself was not a pure sine wave, and because the shape
of the EEG response does not necessarily match the shape of
the sound envelope, the periodic EEG response elicited by the peri-
odic sound envelope was not expected to correspond to a pure sine
wave. Therefore, the frequency domain representation of this periodic
activity was expected to appear as a series of peaks at the expected
frequencies and upper harmonics (Liu-Shuang et al. 2014). To deter-
mine the number of harmonic frequencies to take into account,
one-sample t-tests against zero were computed on the noise-subtracted
amplitudes obtained for each participant in each condition. In the
absence of a significant response, the noise-subtracted signal ampli-
tude may be expected to tend toward zero (Mouraux et al. 2011).
Harmonics were analyzed until they were no longer significant in
either condition (Liu-Shuang et al. 2014). This yielded four harmonics
for the contrast response (1.6, 3.2, 4.8, and 6.4 Hz) and two harmonics
for the base response (8 and 16 Hz). For each response, these
amplitudes were averaged across harmonics for further tests. The
average of the amplitudes over the harmonics relies on the assumption
that these activities are related to the same phenomenon (see e.g.,
Appelbaum et al. 2006 and Heinrich et al. 2009; see also Retter and
Rossion 2016 for an extensive justification for grouping amplitudes
across harmonics to quantify the magnitude of the EEG contrast or
base responses).

Statistical Evaluation

Statistical analyses were performed using SPSS Statistics 21.0
(IBM, Armonk, NY). Significance level was set at P � 0.05. All
t-tests were Bonferroni-corrected for multiple comparisons by multi-
plying the obtained P values by the number of performed compari-
sons. When 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 EEG
responses at the expected frequencies across the conditions of the two
experiments. To this aim, a one-sample t-test was used to determine
whether the amplitudes of the expected base and contrast responses
were significantly different from zero.

Furthermore, the base and contrast responses were also compared
with each other and across conditions for each experiment. These
comparisons were performed using a two-way repeated-measures
ANOVA with the factors “response” (two levels: contrast and base
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response) and “condition” (experiment 1: 3 levels, 0.02, 0.50, and 4
semitones contrast; experiment 2: 2 levels, 0 and 600 �s interaural
time contrast). When significant, partial ANOVAs and paired-sample
t-tests were used to perform post hoc comparisons.

The obtained EEG responses were also compared with the re-
sponses predicted by the cochlear model. The aim of this comparison
was to test whether the relative amplitude of the contrast and base
responses observed in the EEG could be explained by the peripheral
processing of the sequences for tone contrasts. One-sample t-tests
were used to compare across participants the ratio between the
amplitude measured at 8 Hz/5 and 8 Hz with the corresponding ratio
obtained from the cochlear channel model for each condition. More-
over, these ratio values were also compared across conditions using a
one-way ANOVA and paired-sample t-tests.

In addition to the frequency domain analysis of the 40-s epochs, we
also analyzed the time course of the EEG responses within AAAAB
pattern. For each participant and condition, the 40-s epochs were first
filtered between 1 and 17 Hz (FFT band-pass filter, 0.1 Hz slope), thus
preserving the contrast and base responses and their harmonics while
filtering out the EEG activity unrelated to these responses. The 40-s
epochs were then segmented into a series of 0.625-s chunks, corre-
sponding to the temporal window between the onsets of each AAAAB
pattern in the sequences, and the chunks were averaged. Note that this
event-related analysis does not exclude the possibility of overlapping
oscillatory activity from previous trials. Instead, it provides a time
domain analysis of the EEG frequency-tagged responses to charac-
terize the shape of these responses and their modulation across
conditions at a fine temporal scale complementary to the frequency
domain analysis.

Because there was no a priori assumption regarding the latencies at
which a difference could arise between these waveforms, a point-by-
point comparison of the waveforms over the averaged 0.625-s dura-
tion chunk was performed. To account for the multiple comparisons,
a cluster-based permutation approach was used (cluster-level statis-
tics, representing an analysis of continuous data based upon inference
about clusters and randomization testing; see e.g., Maris and Oosten-
veld 2007 and van den Broeke et al. 2015). The technique assumes
that true neural activity will tend to generate signal changes over
contiguous time points (Groppe et al. 2011). In experiment 1, the
waveforms of the different conditions were compared by means of a
one-way repeated-measures ANOVA comparing the three conditions.
In experiment 2, the waveforms were compared using a paired-sample
t-test comparing the two conditions. Clusters of contiguous time
points above the critical F- or t-value for a parametric two-sided test
were identified, and an estimate of the magnitude of each cluster was
obtained by computing the sum of the F-values or absolute t-values
constituting each cluster. Random permutation testing (1,000 times)
of the waveforms of the different epochs (performed independently
for each subject) was then used to obtain a null distribution of
maximum cluster magnitude. Finally, the proportion of random par-
titions that resulted in a larger cluster-level statistic than the observed
one (i.e., p value) was calculated. Clusters in the observed data were
regarded as significant if they had a magnitude exceeding the thresh-
old of the 95th percentile of the permutation distribution of the
F-statistic and t-statistic.

Finally, the time course of the amplitude of the frequency-tagged
responses across repetitions of the AAAAB patterns was analyzed
over the 40-s sequence, thus at a longer time scale. A sliding FFT was
computed on the averaged 40-s epochs for each condition and partic-
ipant. A temporal window of 6.25 s (10 repetitions of the AAAAB
pattern) moving by steps of 0.625 s (i.e., the duration of one AAAAB
pattern) was used as a compromise between temporal resolution,
spectral resolution (0.15 Hz resolution obtained in the FFT as calcu-
lated on 6.25-s windows), and signal-to-noise ratio of the responses.
This analysis yielded 54 successive values of amplitudes for the
contrast and base responses. As for the unwindowed FFT spectra, the
obtained values were corrected by subtracting, at each target fre-

quency (base and contrast responses and their harmonics), the ampli-
tude measured at a neighboring frequency bin (the 3rd upper fre-
quency bin relative to each target bin was taken instead of the
2nd-12ve bin range, as used in the 40-s unwindowed FFT spectra,
because the frequency resolution was coarser in the windowed FFT
compared with the unwindowed FFT, and a 2nd-12ve bin range would
thus overlap with the frequencies of interest). A one-way ANOVA
was then used to compare these values over time. Although successive
values in the series were not completely independent from each other
due to the overlap between successive time windows, the ANOVA
tested the null hypothesis that the values would not be significantly
different across the sequence. If significant, the presence of a linear
trend was tested. Importantly, the aim of this analysis was not to
determine the best-fit model explaining the dynamics of amplitude
across time points but rather to test whether these amplitudes signif-
icantly decreased or increased over the sequence as an estimation of
the buildup or decay of the response over the sequence.

RESULTS

Sound Sequence Analysis

In experiment 1, the spectrum of the envelope of acoustic
energy consisted of a peak at 8 Hz (and harmonics) for all the
different sequences, corresponding to the 125-ms duration of
the sequential sounds (Figs. 1 and 2). The cochlear channel
model of response also consisted of a peak at 8 Hz (and
harmonics) in all conditions. However, an additional peak at 8
Hz/5 (1.6 Hz and harmonics: 3.2, 4.8, and 6.4 Hz) was obtained
for the sequences with 0.50 and 4 semitones contrast (condi-
tions 2 and 3). In condition 2, this contrast response was
relatively small compared with the base response (contrast/
base ratio of 0.39). In condition 3, the contrast response was
prominent relative to the base response (contrast/base ratio of
4.21).

Expectedly, the spectrum obtained for the cochlear channel
model in the 0.02 semitone contrast (condition 1) did not
exhibit a significant peak at 8 Hz/5 and harmonics, as such a
small tone contrast is not resolved by the cochlear channels.
This was also the case for experiment 2, where the cochlear
channel models only exhibited a peak at 8 Hz but not at 8 Hz/5,
as the interaural time contrast is not processed by the cochlear
channels (Fig. 2).

EEG Data

In both experiments 1 and 2, the grand average spectra (Fig.
3) exhibited a clear base response over fronto-central elec-
trodes, demonstrating successful synchronization to the enve-
lope of acoustic energy of the sequences in all conditions.
Moreover, when the contrast was detectable (conditions 2 and
3 in experiment 1 and condition 2 in experiment 2), contrast
responses appeared as additional peaks in the EEG spectra. The
one-sample t-tests comparing the noise-subtracted amplitude of
these responses against zero (as detailed in Table 1) confirmed
these observations. Note, however, the small amplitude ob-
tained for the small 0.50 semitone contrast response in exper-
iment 1, suggesting some just above-threshold response with
such a small contrast (10 participants/12 with �0.01 �V in this
condition, as opposed to 0 participants/12 in condition 1). In
both experiments, these contrast responses exhibited similar
fronto-central topographies to those of the base response, as
shown in Fig. 3.
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Experiment 1. The two-way ANOVA used to compare the
amplitudes of the base and contrast responses (factor response)
across the three conditions (factor condition) (Fig. 4) revealed
a significant interaction between the two factors [F(1.587,
17.462) � 20.654, �2 � 0.652, P � 0.0001]. This interaction
was explained by the fact that the base response was not
significantly different across the three conditions (conditions 1
and 2, P � 0.748; conditions 2 and 3, P � 0.441; conditions
1–3, P � 0.100), as opposed to the contrast response (condi-
tions 1 and 2, P � 0.043; conditions 2 and 3, P � 0.003;
conditions 1–3, P � 0.0001).

Experiment 2. Such as in experiment 1, the two-way
ANOVA used to compare the amplitudes of the base and
contrast responses across the two conditions showed a signif-
icant interaction between the two factors [F(1, 11) � 33.879,
�2 � 0.755, P � 0.0001] This interaction was also explained
by the fact that the base response was not significantly different
across conditions (P � 0.253), as opposed to the contrast
response (P � 0.0001) (Fig. 4).

Comparison between EEG responses and the cochlear re-
sponses predicted by the cochlear channel model (for experi-
ment 1; tone contrast). No significant difference was observed
between the EEG responses and the responses predicted by the
cochlear channel model in condition 1 with 0.02 semitone
contrast, as no significant contrast response was observed in
the EEG as well as in the cochlear model (values of contrast-
to-base amplitude ratio: 0.01 for the cochlear channel model
and 	0.05 � 0.26 for the EEG responses; 1-sample t-test, P �
0.387). More importantly, there was also no significant differ-
ence in condition 2 with 0.50 semitone contrast (0.39 for the
cochlear channel model and 0.46 � 0.50 for the EEG re-
sponses, P � 0.621), suggesting that the emergence of a
response to this fine frequency contrast could be explained by
peripheral processing of the contrast. However, this was not the
case in condition 3, where the contrast-to-base ratio predicted
by the cochlear channel model was much greater than the
actual ratio observed in the EEG (4.20 for the cochlear channel
model and 1.73 � 0.76 for the EEG responses, P � 0.0001),
suggesting the involvement of central mechanisms in process-
ing the sequence with larger frequency contrast.

These ratios were also significantly different across the three
conditions [F(20.40, 1.26) � 16.66, �2 � 0.60, P � 0.001],
with greater values in condition 3 compared with conditions 1
(post hoc t-test, P � 0.001) and 2 (P � 0.002) and also greater
values in condition 2 compared with condition 1 (P � 0.020).

Time course of the EEG responses to the AAAAB pattern. As
depicted in Fig. 5, the EEG waveforms in response to the
different sequences were characterized in all conditions by a
positive deflection peaking at �50 ms relative to the onset of
each tone, thus at a latency compatible with middle latency
auditory potentials (Grimm et al. 2016), followed by a negative
deflection at �100 ms.

In experiment 1, the point-by-point comparison of the wave-
forms across conditions revealed three significant clusters ex-
tending between 91 and 170, 216–422, and 504–601 ms (Fig.
5). Post hoc tests between conditions 1 and 2 revealed one
significant cluster (227–278 ms) characterized by more nega-
tive amplitude values. Comparison between conditions 2 and 3
revealed three significant clusters exhibiting more negative
amplitude values coinciding with the occurrence of the A tones
(91–134, 266–371, and 382–428 ms) and one significant
cluster with more positive amplitude values (504–594 ms)
coinciding with the occurrence of the B tone in the AAAAB
pattern. In experiment 2, the point-by-point comparison of the
two conditions revealed two significant clusters between 157
and 241 ms and 537–606 ms (Fig. 5).

Time course of the EEG response across successive repeti-
tions of the AAAAB pattern. In experiment 1, the magnitude of
the base response was stable over time in conditions 1 and 2,
but not in condition 3, where a progressive decrease over time
was found (Fig. 6). These observations were confirmed by the
ANOVA showing no significant difference in amplitude across

Fig. 3. Electroencephalographic (EEG) spectra of experiments 1 and 2 and
corresponding topographies. A: in experiment 1, a base response was observed
with similar amplitude across conditions. Most importantly, a contrast re-
sponse emerged in condition 2, as predicted by the cochlear channel model.
This contrast response was markedly increased in condition 3, although it was
not associated with a relative reduction of the base response, as predicted by
the cochlear channel model. B: a similar profile of response was obtained in
experiment 2, with a stable base response across conditions and a contrast
response emerging in condition 2. Note that the topographical distribution of
these responses was fronto-central and overall similar across conditions and
experiments.
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the time points in condition 1 or 2 [F(53, 11) � 1.105, �2 �
0.091, P � 0.289, and F(53, 11) � 1.080, �2 � 0.089,
P � 0.329, respectively], but a significant decrease in condi-
tion 3 [F(53, 11) � 1.632, �2 � 0.129, P � 0.004; significant
linear trend at P � 0.0001, 	6% slope]. A similar profile was
observed in experiment 2. Specifically, a stable amplitude of
the base response was observed over time in condition 1 [0-�s
interaural time contrast: F(53, 11) � 0.601, �2 � 0.051, P �
0.988] but not in condition 2 [600-�s interaural time contrast:
F(53, 11) � 1.897, �2 � 0.147, P � 0.0003; significant linear
trend at P � 0.0001, 	10%].

For the contrast response, the ANOVA comparing the am-
plitude over time yielded overall similar results than for the
base response. In experiment 1, no significant differences
across time points were obtained in condition 1 [0.02 semitone
contrast: F(53, 11) � 1.335, �2 � 0.108, P � 0.062] or in
condition 2 [0.50 semitone contrast: F(53, 11) � 1.398, �2 �
0.034, P � 0.999], but a significant decrease over time in
amplitude was observed in condition 3 [4 semitones contrast:
F(53, 11) � 1.874, �2 � 0.145, P � 0.0003; significant linear
trend at P � 0.0001, 	8%] (Fig. 6). In experiment 2, a
significant difference across time points was found in condition
1 (0-�s interaural time contrast: F(53, 11) � 1.622, �2 �
0.128, P � 0.005), but this fluctuation in amplitude did not
follow a linear tendency over the sequence (P � 0.778). In

condition 2, the significant difference across time points
[600-�s interaural time contrast: F(53, 11) � 2.091, �2 �
0.159, P � 0.0001] was characterized by a significant linear
decrease over the sequence (P � 0.0001, 	15%).

Visual inspection of the time course of the contrast response
revealed a similar profile across the two experiments (Fig. 6,
red circles). In both experiments, at large contrast, the time
course of the contrast response was characterized by a gradual
increase at the beginning of the sequence, peaking over the
fifth time point (i.e., between ~3 and 10 s). This transient
buildup was observed only for perceptually salient contrasts.
Moreover, it was observed only in the contrast responses but
not in the base responses, thus suggesting that the two re-
sponses might be supported by distinct neural mechanisms.

DISCUSSION

In two experiments, contrast-related responses were success-
fully identified for different types of auditory contrasts embed-
ded in a fast continuous sound sequence, even when the
contrast was very fine. Using a frequency-tagging approach,
these contrast responses were identified at the exact frequency
at which the auditory contrast was introduced (according to an
AAAAB pattern). These responses thus emerged in the EEG
frequency spectrum at frequencies distinct from those of the

Table 1. t-Tests against zero of the noise-subtracted amplitudes for the base and contrast responses

Base Response (8 Hz f1–f2) Contrast Response (1.6 Hz f1–f4)

Experiment 1: frequency contrast
Condition 1: 0.02 semitone 0.094 � 0.058 �V, P � 0.0006 	0.001 � 0.007 �V, P � 1
Condition 2: 0.50 semitone 0.106 � 0.054 �V, P � 0.0001 0.038 � 0.044 �V, P � 0.036
Condition 3: 4 semitone 0.143 � 0.106 �V, P � 0.0021 0.223 � 0.132 �V, P � 0.0003

Experiment 2: interaural time contrast
Condition 1: 0 �s 0.103 � 0.055 �V, P � 0.0001 0.001 � 0.017 �V, P � 1
Condition 2: 600 �s 0.130 � 0.074 �V, P � 0.0001 0.162 � 0.075 �V, P � 0.0001

Values are means � SD; n � 12 for each experiment. These values were obtained for each participant from a pool of fronto-central electrodes and averaged
across harmonics within contrast (f1–f2) and base (f1–f4) responses.

Fig. 4. Noise-subtracted amplitudes across participants for
experiments 1 and 2 (fronto-central electrodes). A and B: left
and middle graphs correspond to the amplitude measured in
each participant (asterisks � pairwise comparisons). Right
graphs correspond to the group level average � SD. NS, non-
significant; *P � 0.05; ***P � 0.001; ****P � 0.0001
(ANOVAs).
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EEG response to the envelope of acoustic energy of the
sequence. Comparison with a cochlear channel model revealed
that peripheral cochlear channeling could not fully account for
the EEG responses to the sequence with large tone contrast,
thus suggesting an involvement of additional central mecha-
nisms in processing the contrast. This was also suggested by
the fact that contrast responses were obtained for a contrast
consisting in a difference in interaural timing, and as such a
contrast cannot be resolved at the level of cochlear channels.

Time course analysis of the EEG responses to the AAAAB
patterns revealed that these responses occurred at latencies
corresponding to that of middle-latency auditory potentials
(�50 ms). Finally, analysis of the evolution of the responses
across repetitions of the AAAAB patterns revealed a stable

amplitude over time, except for the responses to the most
perceptually salient contrasts, which showed dynamics of
buildup and decay across repetitions of the pattern.

Undetectable Contrast

No contrast response was identified for the tone contrast of
0.02 semitone. This result corroborates previous evidence that
the cochlear channels cannot resolve such a small tone contrast
(Moore 2003), as also reflected in the subjective report of all
the participants who could not discriminate between A and B
tones in this condition. Instead, only the base response to the
envelope of acoustic energy of the sequence was observed in
the EEG spectrum. This response displayed a fronto-central

Fig. 5. Time course of the EEG responses to the
AAAAB pattern. Gray bars represent the pattern
envelope. In the 2 experiments, responses to each
tone were observed as positive deflections peaking
at �50 ms, followed by a negative deflection at
�100 ms. A point-by-point comparison (cluster
statistics) across conditions revealed significant dif-
ferences across conditions during and also after the
presentation of the B tone (black boxes), which are
thus compatible with middle and late latency audi-
tory potentials, respectively, triggered by the
contrast.

Fig. 6. Evolution of the EEG responses across successive AAAAB patterns. The time points were obtained using a sliding FFT (6.25-s time window with 0.625
s steps). For both the contrast (top) and base responses (bottom), the amplitude remained stable over time, except in the conditions with large contrast where a
transient increase in amplitude was also observed, spanning 3–10 s after the onset of the sequence, followed by a significant decrease (in red, experiments 1 and
2; top).
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distribution, as is typically found for responses to amplitude-
modulated tones, compatible with bilateral activation of the
Heschl’s gyrus in response to fast sequences of tones (Snyder
et al. 2006). Time course analysis within the AAAAB pattern
revealed that this base response corresponded to a positive
deflection peaking ~50 ms relative to the onset of each tone in
the pattern, which could be related to auditory middle latency
responses originating from the Heschl’s gyrus (see e.g., Guts-
chalk et al. 2005 and Snyder et al. 2006). This positive
deflection was followed by a negative peak at ~100 ms, which
could correspond to higher-level late-latency cortical activity
(see e.g., Cornella et al. 2015). Future research using the same
design but coupled with recording methods providing a greater
spatial resolution (e.g., intracerebral EEG; see e.g., Jonas et al.
2016) or with analysis methods such as those that have been
used to investigate the neural generators of evoked potentials,
such as the MMN (e.g., dynamic causal modeling; see e.g.,
Garrido et al. 2008), should address the question of the gen-
erators of these components more appropriately.

Interestingly, there was no significant decrease in amplitude
of these responses over repetitions of the tones in the 40-s
sequence. The fact that this response was not subject to
adaptation even after dozens of seconds of repetitive stimula-
tion at relatively fast rate is in discrepancy with the hypothesis
of a reduction of the neural response to a stimulus by a similar
preceding stimulus according to a mechanism of adaptation
(Bregman 1990; Gutschalk et al. 2005; Hartmann and Johnson
1991). Alternatively, the adaptation could have been missed by
our analysis if this was a quick process already appearing after
one or two repetitions of the sound in the sequence.

Small Detectable Contrast

As opposed to the 0.02 semitone condition, the 0.50 semi-
tone condition elicited a small but significant contrast response
in accord with the subjective report of the participants, who
could all discriminate between A and B tones in this condition.
This result highlights the sensitivity of the frequency-tagging
method to capture the neural processing of contrast inserted in
fast, continuous streams and suggests that the method could be
possibly used to probe contrast response at threshold in indi-
viduals with specific auditory expertise or impairment. Indeed,
the semitone is considered an experience-induced perceptual
boundary in Western listeners, as this frequency interval is
usually the least common interval found in most Western
speech and music (Zarate et al. 2012).

Comparison with a cochlear channel model of response
indicated that the channeling processes occurring at the co-
chlear stage could account for the EEG responses to this fine
tone contrast. In other words, the contrast-specific response
observed here could be explained by the activity of neuronal
populations responding specifically to the frequency band
corresponding to B tones, which is distinct from the tonotopic
channel responding to A tones (Micheyl et al. 2007). Interest-
ingly, there was no significant decrease in amplitude of these
responses over the 40-s sequence, thus revealing again a
relatively stable process with no adaptation, even after dozens
of repetitions of the tones at fast rate.

Large Contrast

With four semitones contrast, the contrast-related response
was even sharper, thus increasing in amplitude when increas-
ing the contrast. However, these responses could no longer be
explained by the cochlear channel model, thus suggesting an
involvement of additional central mechanisms. For instance,
these neural responses might comprise an effect of bottom-up
attention captured by the AAAAB pattern made more percep-
tually salient due to the sharper contrast, as opposed to se-
quences conveying a smoother pattern surface through finer
contrast between tones. The involvement of central mecha-
nisms, possibly occurring already at brainstem level, was also
suggested by the results of the second experiment using con-
trast of interaural timing instead of tone contrast. Indeed, the
contrast responses observed in this second experiment cannot
be explained by peripheral channeling, as in this experiment
the A and B tones activated the same tonotopic channels.

Time Course of the Responses

Time domain analysis revealed a significant modulation of
the response to the AAAAB pattern by the contrast, thus
explaining the emergence of contrast responses in the fre-
quency domain analysis. For the fine contrast, these modula-
tions appeared within time windows compatible with late
responses triggered by the B tone (i.e., during the presentation
of the A tones). However, for larger contrasts, these modula-
tions also appeared in a time window compatible with middle-
latency responses to the B tone (i.e., during the actual presen-
tation of the B tone). To date, deviance-related modulations of
middle-latency auditory evoked potentials have been reported
to physical feature changes occurring with a low probability
but have not been reported in sequences following a fast
repeating pattern such as the one used here (see e.g., Grimm et
al. 2016 for a review).

We also analyzed the evolution of the responses across
repetitions of the AAAAB pattern. For large contrasts, this
analysis revealed a transient increase of the contrast response,
peaking 3–10 s after the onset of the sequence. This transient
increase could be attributed to the processing of regularity
requiring a few instances of the stimulus to lead to the forma-
tion of complex perceptual patterns (see e.g., Barascud et al.
2016). Alternatively, this buildup could be interpreted in light
of previous work having observed a progressive increase in
amplitude of the event-related potentials over a few presenta-
tions of ABA patterns used to explore the perceptual phenom-
enon of stream segregation between A and B tones (Snyder et
al. 2006). In this work, the buildup was interpreted as a
temporal window in which successive tones were analyzed and
integrated within separate streams, thus underlying the buildup
of stream segregation (Snyder et al. 2006). This interpretation
fits well with the results of the current study showing a similar
buildup period of the contrast response but not the base
response and, most importantly, only in the conditions that
generated a stream segregation effect as reported by all partic-
ipants (i.e., the large frequency contrast of experiment 1 and
the separate spatial source condition of experiment 2). Future
research using the same frequency-tagging method but manip-
ulating the perceptual segregation into separate streams inde-
pendently of the contrast, for example, by exploiting the
multistability of sequences inducing either stream segregation
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or integration (see e.g., Bregman 1990), could address this
issue more directly.

This transient increase of the contrast response was followed
by a progressive decay over the 40-s sequence, possibly re-
flecting a mechanism of adaptation due to the repetition of the
contrast over time. Such adaptation has already been observed
in human and nonhuman animals by showing modulations of
the sensitivity to the contrast due to the increased predictability
of the occurrence of the contrast, leading to the formation of
complex perceptual patterns (Barascud et al. 2016; Bendixen
2014; Chait et al. 2008; Schröger et al. 2014; Simpson et al.
2014; Sussman et al. 1998; Yaron et al. 2012). Most impor-
tantly, the fact that this progressive decay was observed only
for large contrasts but not for fine contrasts in the current study
suggests that the perceptual saliency of the contrast is critical
to this adaptation, in addition to parameters such as contrast
predictability.

Overall, the two experiments demonstrate that this new
combination of frequency tagging with an oddball design can
be used to characterize the neural responses specific to con-
trasts in fast, continuous acoustic sequences. Specifically, the
approach opens us to further research studying contrast-spe-
cific responses across a large range of presentation rates to
investigate the processing of auditory information that arrives
rapidly and sequentially and also investigating the modulation
of this processing by endogenous factors such as attention or
exogenous factors such as acoustic spectral properties of the
stimuli, for instance. Moreover, because it does not require an
explicit response from the participant, this method could be
particularly valuable to probe these processes in individuals
with hearing impairment or neurodevelopmental disorders such
as dyslexia, showing difficulties in processing brief, rapidly
changing acoustic information (Albouy et al. 2016; Oxenham
2008).
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