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Selective Perceptual Phase Entrainment to Speech Rhythm in
the Absence of Spectral Energy Fluctuations
Benedikt Zoefel and Rufin VanRullen
Université Paul Sabatier, 31062 Toulouse Cedex 9, France, and Centre de Recherche Cerveau et Cognition, Centre National de la Recherche Scientifique,
31052 Toulouse Cedex, France

Perceptual phase entrainment improves speech intelligibility by phase-locking the brain’s high-excitability and low-excitability phases to
relevant or irrelevant events in the speech input. However, it remains unclear whether phase entrainment to speech can be explained by
a passive “following” of rhythmic changes in sound amplitude and spectral content or whether entrainment entails an active tracking of
higher-level cues: in everyday speech, rhythmic fluctuations in low-level and high-level features always covary. Here, we resolve this issue
by constructing novel speech/noise stimuli with intelligible speech but without systematic changes in sound amplitude and spectral
content. The probability of detecting a tone pip, presented to human listeners at random moments during our speech/noise stimuli, was
significantly modulated by the rhythmic changes in high-level information. Thus, perception can entrain to the speech rhythm even
without concurrent fluctuations in sound amplitude or spectral content. Strikingly, the actual entrainment phase depended on the
tone-pip frequency, with tone pips within and beyond the principal frequency range of the speech sound modulated in opposite fashion.
This result suggests that only those neural populations processing the actually presented frequencies are set to their high-excitability
phase, whereas other populations are entrained to the opposite, low-excitability phase. Furthermore, we show that the perceptual
entrainment is strongly reduced when speech intelligibility is abolished by presenting speech/noise stimuli in reverse, indicating that
linguistic information plays an important role for the observed perceptual entrainment.
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Introduction
Speech is intrinsically rhythmic. The brain makes use of this
rhythmicity (Schroeder and Lakatos, 2009) by entraining its neural oscillations so their high-excitability phase matches informative features, increasing speech intelligibility (Ahissar et al., 2001;
Luo and Poeppel, 2007; Kerlin et al., 2010; Ding and Simon,
2013), while the phase of low excitability is aligned with irrelevant
information. It has been shown repeatedly that the neural phase is
correlated with auditory perception (Henry and Obleser, 2012;
Ng et al., 2012; but see Zoefel and Heil, 2013). Neural phase
entrainment (between ⬃2 and 8 Hz) is an integral part of many
current theories of speech perception (Poeppel, 2003; Ghitza, 2011,
2012, 2013; Giraud and Poeppel, 2012). However, in normal speech
sounds (Fig. 1A, top), the ongoing rhythmic modulations simultaneously affect all aspects of the signal, from low-level acoustic features (sound amplitude, spectral content) to higher-level phonetic
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fore, can take place at all stages of auditory processing, even the
earliest ones, such as the cochlea, in which neurons respond selectively to certain sound frequencies. This raises the possibility that
much of the previously reported speech entrainment phenomena
could merely derive from the rhythmic activation of the very
input to the auditory system. In other words, speech entrainment
could well reflect a passive, low-level process having little to do
with phonetic information processing, or speech per se. Indeed, it
is well known that phase entrainment can happen with rather
low-level stimuli, such as pure tones [the basic mechanism for the
auditory steady-state response (ASSR); Galambos et al., 1981],
and that intelligibility is not required for entrainment to speech
sound (Howard and Poeppel, 2010; Stefanics et al., 2010; Luo and
Poeppel, 2012; Peelle et al., 2013). Logically, rhythmic activation
of the cochlea must thus be sufficient to induce at least some
forms of phase entrainment to speech, a conclusion that we do
not question in this study. The specific question we ask is, rather,
whether such low-level rhythmic activation is a necessary condition for phase entrainment to speech.
One way to demonstrate the existence of genuine high-level
phase entrainment to phonetic information would be to create
artificial speech stimuli in which only phonetic information, but
no other aspect of the signal, fluctuates rhythmically. This
strategy appears problematic, however, particularly as phonetic information is a rather ill-defined notion. Here, we took
the complementary approach of designing speech stimuli in
which the lowest-level information (sound amplitude and spec-
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Figure 1. Overview of the experimental approach. A, In normal speech sound (top), lowlevel features (such as slow amplitude fluctuations, here labeled as signal envelope and shown
as the black signal, bottom) and fluctuations in high-level features (including, but not restricted
to phonetic information; gray signal, bottom) covary. B, We constructed speech/noise snippets
in which spectral energy is comparable across phases of the original signal envelope (A, bottom,
black signal). To do so, original speech and complementary noise were summed, with the
spectral content of the noise matched to counterbalance spectral differences between phases of
the signal envelope of the original speech (see Materials and Methods; Fig. 2). Consequently, a
hypothetical phase entrainment to the constructed stimuli could not be due to a mere “following” of low-level stimulus properties as the global signal envelope of the constructed snippets
(and the underlying spectral content) did not show systematic fluctuations anymore (B, bottom, black signal; Fig. 3). However, high-level features of the constructed snippets (B, bottom,
gray signal) still fluctuated with the rhythm of the original signal envelope. We were thus able
to disentangle phase entrainment to low-level (fluctuations in amplitude and spectral content)
and high-level (e.g., fluctuations in phonetic information) stimulus properties. Note that we
equalize original signal envelope with high-level features (A, bottom) for the sake of convenience and illustrational purposes (as no quantitative measure is available in the literature). For
our paradigm, it is enough to assume that the two quantities are positively related.

tral content, corresponding to information processed in the cochlea) does not fluctuate along with the rhythm of speech (see
Materials and Methods and Discussion). In short, we constructed
speech/noise hybrid stimuli (Fig. 1B, top) with spectral content
comparable across phases of the original signal envelope (see Fig.
3). Higher-level features still fluctuated rhythmically (Fig. 1B,
bottom) and speech remained intelligible, providing potential
means for (high-level) phase entrainment. Entrainment was assessed by presenting tone pips at auditory threshold at random
moments during our stimuli. Can phase entrainment still happen
without rhythmic fluctuations in the lowest-level acoustic signals? Answering this question has critical implications for current
theories of speech perception.

Materials and Methods
Stimulus overview. As the heart of this study, we developed novel speech/
noise stimuli without systematic fluctuations in amplitude and spectral
content. Here we give a short overview, while the detailed procedure of
stimulus construction is provided below. Original speech snippets were
recorded (sampling rate, 44,100 Hz) of a male native-English speaker
reading parts of a novel. Experimental stimuli were constructed by merging original speech with noise. Critically, spectral content and energy of
the stimuli constructed in this way were designed to be statistically comparable at all phases of the original signal envelope. In normal speech
sound, both spectral content and energy are not constant but fluctuate
over time. Thus, when merging original speech snippets with noise, spectral content and energy of the noise had to be specifically adapted to the
instantaneous characteristics (i.e., envelope phase; Fig. 1A, bottom) of
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the original speech. To do so, for each of the original speech snippets, a
complementary noise was constructed: when spectral energy (the specific
distribution of power across sound frequencies) of the original speech
was high, that of the noise was low and vice versa. As spectral energy in
the original speech fluctuated rhythmically (⬃2– 8 Hz), the perception of
speech and noise in the constructed snippets also alternated rhythmically
by construction. Importantly, the perception of speech was driven by
high-level features and not by changes in sound amplitude or spectral
content, as the latter was kept statistically comparable by stimulus construction (Fig. 1B, bottom, black line).
Use of terms and definitions. To avoid ambiguity of some critical terms,
we will shortly describe the usage of the most important expressions in
the context of this study.
We defined “signal envelope” as the weighted sum of the instantaneous energy of the signal across frequencies. “Weighted” refers to the
fact that frequency sensitivity is not constant in the auditory system, and
energy at some frequencies is amplified more strongly by the system than
energy at other frequencies (see Stimulus construction). Our choice of
envelope definition was motivated by an observation from Ghitza (2001)
stating that degraded envelope cues can be recovered by cochlear filtering. For instance, frequency-modulated stimuli with flat broadband
(full-signal) envelopes can exhibit amplitude fluctuations at the cochlear
output level (Ghitza et al., 2012). Importantly, here we aimed to avoid
this confound by (1) extracting the signal envelope by wavelet transformation (which can be seen as a filtering of the speech signal into many
narrow frequency bands); (2) spacing those “frequency bands” on a logarithmic scale (Ding and Simon, 2013), thus mimicking the spectral
organization of the cochlea; and (3) weighing each of those frequency
bands by the cochlear sensitivity at this particular frequency (see Stimulus construction). In fact, running original speech snippets through a
bank of gammatone filters (a well known alternative method for simulating cochlear processing; Immerseel and Peeters, 2003) before calculating their envelope (as the sum of energy across frequencies) resulted in
envelope phases that were strikingly similar to those obtained by our
method (see Fig. 7C).
Low-level and high-level features of speech are not well defined in the
literature. In this study, speech/noise stimuli were constructed so that
they could not passively entrain the lowest levels of auditory processing
(such as the cochlear level, where speech and noise would excite the same
cells to the same extent). Based on this, we term as “low-level” those
speech features that are equated in our stimuli: sound amplitude and
spectral content. Logically, then, we term the remaining features as “high
level,” as they enable the listener to distinguish speech and noise on a
processing level beyond the cochlea; and we emphasize that our high-level
features include (but might not be restricted to) phonetic information.
When using the term “frequency,” we always refer to sound frequency
(i.e., to speech sound or click frequency; the latter explicitly stated as
such) and not, for instance, to the frequency of a brain oscillation. When
using the term “phase,” we always refer to the (Hilbert) phase of the
signal envelope (and not, for instance, to the spectral phase of the speech
sound).
Participants. Eleven participants volunteered in Experiments 1 and 2
(see below). Two participants were excluded from further analyses, one
because of poor speech comprehension in the speech-attended condition
task (see Experimental paradigm; d⬘ of ⫺0.35), which was far below the
average performance of the 11 subjects (0.71 ⫾ 0.50), and the other
because of missed button presses in 89% of the trials during the same
task. Both reasons might have prevented proper phase entrainment. Nine
subjects remained in the analyses of Experiments 1 and 2 (seven female;
mean age, 27.8 years). Ten participants volunteered in Experiment 3
(four of whom had already participated in the other two experiments).
One participant was excluded from further analyses due to an inability to
differentiate forward and backward speech/noise sound, indicated by a
poor performance in the associated perceptual task (see below; 51.7%
correct) that was significantly worse ( p ⬍ 0.001; Student’s t test) than the
mean performance of the other participants (on average, 81.5% correct).
Nine subjects remained in the analyses of Experiment 3 (four female;
mean age, 28.1 years). Participants of all experiments were fluent in
English, reported normal hearing, and gave written informed consent.
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Figure 2. Construction of the speech/noise stimuli that were used in this study. Original speech snippets and complementary noise (based on the instantaneous envelope phase of the individual
snippet and the average original spectral content at the respective phase; see Materials and Methods for details) were added, yielding speech snippets with conserved high-level features (fluctuating
in the frequency range of ⬃2– 8 Hz) but comparable spectral content across envelope phases. Parts processed in the real domain are specified in blue and as a signal in time. Parts processed in the
wavelet domain are specified in red and are represented as a time–frequency signal.
The experimental protocol was approved by the relevant ethical committee at Centre National de la Recherche Scientifique.
Stimulus construction. The detailed procedure of stimulus construction is shown in Figure 2 and is described step by step as follows (the
numbers correspond to those in Fig. 2): (1) The signal envelope env was
extracted for each individual original snippet s as the sum of the instantaneous energy e (or amplitude; extracted by wavelet transformation for
304 logarithmically spaced frequencies in the range between 0.59 and
21,345 Hz) at each time point t of the signal across frequencies F,
weighted by the cochlear sensitivity w (ISO 226 Equal-Loudness-Contour
Signal for Matlab, J. Tackett) to correct for differences in frequency sensitivity in the auditory system according to the following equation:

env 共 s, t 兲 ⫽ F1

冘

F
f⫽0

w 共f 兲 ⴱ e 共 s, f, t 兲

The envelope was then bandpass filtered between 2 and 8 Hz (secondorder Butterworth filter). (2) A “target spectrum” (spectrumtarget) was
computed from all original snippets. Here, the average amplitude spectrum [spectrumspeech(, f )] was extracted separately for different phases 
(divided into 12 nonoverlapping phase bins of width /6) of the original
signal envelope [i.e., for each envelope phase bin, spectra (spectruminst)
were averaged across all instances I of the respective phase bin and across
all snippets S] as follows:

spectrum speech 共  兲 ⫽ S1

冘 冘
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s⫽1
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For each frequency f, spectrumtarget was twice the maximal amplitude
across phase bins (this was necessary to leave enough “room” for
additional noise at all time points of the original speech snippets)
as expressed in the following equation: spectrumtarget (f ) ⫽
2 ⴱ max⫺ⱕⱕ spectrumspeech (, f ). (3) To build the experimental
stimuli, for each time point and each original snippet, the amplitude
spectrum of the noise (individually generated for s and t) was constructed
as the difference between spectrumtarget and spectrumspeech (i.e., the average amplitude spectrum across original snippets) for phase  of the in-

dividual signal envelope of snippet s at time point t. Note that this
difference depends on . This is thus a critical step to render spectral
content comparable across all instances of : spectrumnoise (s, t) ⫽
spectrumtarget ⫺ spectrumspeech ((s, t)), where (s, t) ⫽ angle(hilbert[env(s, t)]).
Note also that, for a given phase of the envelope, this difference is the same for
all snippets, whereas the individual spectra at different instances of this
phase might slightly differ from each other. This results in small random
signal fluctuations that remain with each snippet and differ between
individually constructed snippets (these random fluctuations can be
seen, for instance, in panel 4 of Fig. 2, showing 1 s of a single constructed
speech/noise snippet in the time–frequency domain). However, and importantly, these “residues” do not systematically depend on the phase of
the original signal envelope, as they disappear upon averaging the spectral content for different envelope phases across snippets (Fig. 3). Spectrally matched noises were constructed by multiplying, for each time
point, white noise (Fig. 2, rand) by spectrumnoise (s, t) in the wavelet
domain. (4) Original snippets and constructed noises were added in the
wavelet domain (note that the original speech remains intact, it is only
“hidden” by the noise in various degrees, depending on the instantaneous phase of the original signal envelope). (5) Finally, this sum of
original speech and constructed noise was transferred back into the real
domain by inverse wavelet transform. Due to the overcomplete nature of
our wavelet time–frequency decomposition (i.e., the fact that wavelets at
neighboring frequencies significantly overlap in the frequency domain),
this step produced residual errors: when expressed back into the wavelet
domain, the resulting stimuli differed slightly from the intended time–
frequency signal. However, this difference could be minimized by applying the desired wavelet amplitude to each wavelet coefficient and
transforming again into the real domain. We iterated this correction
procedure 100 times, yielding the final constructed snippets.
The result of our stimulus construction procedure is shown in Figure
3: here, for both original and constructed speech snippets, the average
amplitude spectrum is shown as a function of the envelope phase of the
original speech snippets. As is clearly visible in Figure 3, different phases
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training speech/noise stimuli is shown as
dashed lines in Figure 3. The minimum interval between tone pips was 1 s. Subjects were
asked to press a button whenever they detected
such a tone pip. A tone pip was considered as
detected, and the response classified as a hit, if
the subjects pressed the response button within
1 s following tone-pip onset, otherwise as a
miss. The amplitude of the tone pip was
adapted constantly (based on the performance
of the preceding 100 trials) so that tone-pip
detection had a mean probability of 50%.
In Experiment 1, subjects were tested in two
experimental conditions. In one (“speechunattended”) condition, subjects were asked to
attend only the tone pips and to ignore the
speech sound. In the other (“speechattended”) condition, subjects were asked to
attend both tone pips and speech sound. In the
latter condition, attention to speech was tested
by an additional task in which subjects were
presented with a word after each trial. Subjects
had to indicate by a button press whether that
word was or was not present in the previous
trial (true on average in 63.7 ⫾ 3.8% of the
trials; mean and SD across subjects). The button
Figure 3. A, B, Amplitude spectra for original (A) and constructed snippets (B) as a function of different (binned) phases of the press had to occur within 1 s after word presentaoriginal signal envelope. Amplitudes are shown either as the color of a phase–frequency plot or as a family of curves where each tion, increasing task difficulty. If subjects did not
trace represents the amplitude spectrum for one-phase bin. Note that amplitude spectra differ markedly across phase bins for the press any button during a given trial, their reoriginal snippets (A) whereas amplitude spectra are similar across phase bins for the constructed snippets (B). The spectral sponse was counted as a “word absent” press.
locations of the tone pips used in Experiments 1 (red) and 2 (gray) with respect to the entraining speech/noise stimuli are shown Subjects completed 300 trials (on average 552
as dashed lines.
tone pips in the speech-attended condition and
537 tone pips in the speech-unattended condition) for both conditions.
of the envelope differ markedly in both their spectral content and energy,
In
Experiment
2,
subjects
were asked to press a button for each deas far as the original snippets are concerned. Yet, by processing the stimtected tone pip, but to pay attention to both speech sound and tone pips.
uli as described above, we were able to remove these fluctuations: both
As we did not find differences between the two experimental conditions
spectral content and energy of the constructed snippets are now, on
in the first experiment (data not shown), we did not include an attenaverage, comparable across phases of the original signal envelope. Thus,
tional manipulation in this experiment. Subjects completed 600 trials
although systematic spectral energy fluctuations are removed by our
(on average 1078 tone pips).
stimulus processing (the circular correlation between envelope phases of
There is a current debate of whether intelligibility is important for
original and constructed snippets is r ⫽ ⫺0.042), speech sound is still intelphase entrainment to speech sound (Peelle and Davis, 2012; Ding and
ligible and high-level features (e.g., phonetic information) still fluctuate
Simon, 2014), and there are studies supporting the view that speech
rhythmically at ⬃2– 8 Hz, providing potential means for oscillatory phase
comprehension is relevant (Gross et al., 2013; Peelle et al., 2013) and
entrainment.
others indicating that it is not (Howard and Poeppel, 2010; Luo and
Samples of several stages of stimulus processing (original speech snipPoeppel, 2012). In Experiment 3, we tackled this question by presenting
pet, constructed noise, final constructed speech snippet, reversed conour speech/noise snippets either forwards (“forward condition”) or
structed speech snippet) are presented in Movie 1.
backwards (“backward condition”), randomly determined from trial to
Experimental paradigm. Phase entrainment to our constructed stimuli
trial. Only 2400 Hz tone pips were presented and subjects were asked to
was assessed in three psychophysical experiments (tested on 3 separate
press a button for each detected tone pip. Additionally, subjects were
days). For all experiments, one trial consisted of the presentation of a 6 s
asked to indicate by a button press after each trial whether the speech
stimulus that was randomly chosen from all concatenated constructed
sound was played forwards or backwards. This was done to ensure that
snippets (total length, ⬃10 min). Signals between concatenated snippets
subjects indeed perceived the modulation in intelligibility. Subjects comwere interpolated to avoid artificial clicks that could potentially have
pleted 300 trials for each condition (on average 531 and 546 tone pips for
influenced the subjects’ performance. In 90% of the trials, between one
forward and backward condition, respectively).
and three (equal probability) tone pips were presented at threshold level
Stimuli were presented diotically via loudspeakers (Logitech Z130).
at random moments during our speech/noise snippets. The remaining
Subjects were seated 55 cm away from the loudspeakers, with their head
10% of the trials were catch trials, where no tone pips were presented. It
position fixed by a chin rest. Sound level was adjusted to 75 dB SPL at the
has been shown before that phase entrainment is frequency-specific:
position of the chin rest for all subjects. The Psychophysics Toolbox for
neural oscillations were entrained to their high-excitability phase only in
Matlab (Brainard, 1997) was used for stimulus presentation.
those parts of monkey primary auditory cortex actually processing the
Data analyses. To evaluate (perceptual) phase entrainment to our
sound frequency of the entraining stimulus, whereas in remaining areas
stimuli, the probability of detecting a tone pip was analyzed as a function
oscillations were entrained to their low-excitability phase (O’Connell et
of the phase of the original signal envelope of the snippets. Note that the
al., 2011; Lakatos et al., 2013). Thus, we “probed” entrainment at two
signal envelope of the original snippet (computed using low-level feadifferent sound frequencies. In Experiments 1 and 3, tone pips had a
tures, i.e., instantaneous spectral energy) covaries with high-level feaduration of 2.9 ms and a carrier frequency of 2.4 kHz, which was beyond
tures of both the original and the constructed speech sounds (e.g.,
the principal frequency range of our speech stimuli. In Experiment 2,
phonetic information is highest at the peak of the envelope and lowest at
tone pips had a duration of 30 ms and a frequency of 100 Hz, which was
its trough). The phase of the original signal envelope at each moment
within the principal frequency range of our speech stimuli. The spectral
location of the tone pips with respect to the spectral content of the enbefore and after the tone pip was divided into 40 overlapping -wide
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computed that sets the expected rate of falsely rejected null hypotheses at
5% (Benjamini and Hochberg, 1995).
A similar permutation procedure was used to compare effects for the
two (speech-attended and speech-unattended) conditions in Experiment 1. Here, instead of shuffling hits and misses, the assignment of trials
to both conditions was shuffled separately for each subject before recalculating the amplitude values described above. This procedure was repeated 100,000 times to obtain surrogate distributions for each time
point under the null hypothesis that sine fit amplitudes do not differ
across conditions.
All analyses were performed in Matlab. The Circular Statistics Toolbox
for Matlab (Berens, 2009) was used for circular statistics.

Results

Movie 1. Speech/noise stimuli were constructed in this study by summing original speech
snippets and their individually constructed, complementary noise, with the noise spectrally
matched to counterbalance differences in spectral content across phases of the original signal
envelope. Samples of several stages of stimulus processing (original speech snippet, constructed noise, final constructed speech snippet, reversed constructed speech snippet) are presented in this movie.

bins. We used overlapping bins to smooth the outcome of our analyses
without affecting the actual results (Fiebelkorn et al., 2013). Results were
similar with nonoverlapping bins and different bin widths, including
those used for stimulus construction (i.e., 12 non-overlapping bins; data
not shown).
If there were phase entrainment to our speech/noise stimuli, detection
of tone pips would depend on the phase of the original signal envelope.
Also, this dependence would not necessarily be restricted to the time of
the tone pip. Therefore, we fitted a sine wave to the average performance
(tone-pip detection as a function of phase) across subjects, separately for
each time point (downsampled to 100 Hz) in a time window of 1.6 s
centered on tone-pip onset. The amplitude of this fitted sine wave reflects
the magnitude of performance modulation by the phase of the original
signal envelope (or equivalently, by rhythmic fluctuations in high-level
information in the constructed speech/noise stimuli). For Experiments 1
and 2, as we found phase entrainment for both experiments (Fig. 4A), the
two amplitudes obtained for both experiments were averaged. To test
whether this modulation was significant for any time point around tonepip onset, we used a permutation test to construct surrogate distributions
for each time point. Here, hits and misses were shuffled for each subject
separately before recalculating the amplitude values described above.
This procedure was repeated 1,000,000 times. Thus, it was possible to
obtain a range of amplitude values that can be observed under the null
hypothesis that the original signal envelope does not affect detection of
tone pips. p values were obtained for the recorded data by comparing
“real” amplitude values with the surrogate distribution for each respective time point. p values were corrected for multiple comparisons using
the false discovery rate (FDR) procedure. Here, a significance threshold is

We constructed speech/noise stimuli without systematic fluctuations in sound amplitude and spectral content (Fig. 3) while
keeping high-level features (including phonetic information) intact, fluctuating at ⬃2– 8 Hz (Fig. 1B, bottom). Stimuli were
constructed by summing original speech snippets and their
individually constructed, complementary noise, with the
noise spectrally matched (i.e., having a phase-specific spectrum) to counterbalance differences in spectral content across
phases of the original signal envelope (example sound files for
stimulus construction are presented in Movie 1; see Materials and
Methods). During certain phases of the original signal envelope
(e.g., at its peak; Fig. 3A), when spectral energy of the original
speech was already high, that of the added noise was low. Consequently, the perception of speech predominated that of noise.
Vice versa, when spectral energy of the original speech was low
(e.g., at its trough), that of the added noise was high and the
perception of noise predominated that of speech (see Materials
and Methods; Fig. 2). Phase entrainment to the generated speech/
noise snippets was tested psychophysically by presenting tone
pips at auditory threshold at random moments during the presentation of these stimuli (N ⫽ 9 subjects in all experiments). A
dependence of tone-pip detection on the original signal envelope
(which in our constructed speech/noise stimuli reflects high-level
information) would indicate perceptual phase entrainment (note
that we call this entrainment “high-level,” as it cannot take place
on the lowest level of auditory processing, the cochlear level; see
Introduction, Materials and Methods, and Discussion). As previous studies showed frequency-specific entrainment (O’Connell
et al., 2011; Lakatos et al., 2013; see Materials and Methods), we
“probed” entrainment by tone pips at two different frequencies
(Fig. 3, dashed lines): one beyond the principal frequency range
of our speech/noise stimuli (tone pip at 2400 Hz; Experiment 1)
and one within the principal frequency range of our speech/noise
stimuli (tone pip at 100 Hz; Experiment 2). In Experiment 1,
the role of attention was tested in two experimental conditions (see
Materials and Methods): subjects were given an additional task
related to the content of the speech stimulus (after each trial,
subjects had to decide whether a given word was present in the
previous trial or not) or were told to ignore the speech sound. For
the analysis of phase entrainment, as results did not differ between conditions (data not shown), trials have been pooled
across conditions. In Experiment 2, subjects were told to attend
to both speech and tone pips, but no additional task was given. In
Experiment 3, the role of intelligibility was tested by presenting
speech/noise stimuli either forwards or backwards. As in the
other two experiments, subjects had to indicate tone-pip detection (only 2400 Hz) by a button press. In addition, to assure that
subjects indeed perceived the modulation in intelligibility, they
had to indicate after each trial whether the speech was played
backwards or not.
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Figure 4. Perception entrains to speech rhythm in the absence of spectral energy fluctuations. A, Tone-pip detection probability as a function of the original signal envelope at different time
points (offset in 2 rows). Note the sinusoidal modulation of performance for ⬃250 ms before tone-pip onset. This modulation differs in phase between the two tone-pip frequencies (black:
Experiment 1, tone-pip frequency 2400 Hz; gray: Experiment 2, tone-pip frequency 100 Hz), reflecting frequency-specific phase entrainment. Non-significant time windows of pooled data are
shaded gray. SEM is shown by contours around the lines. B, Statistical significance of the phase entrainment shown above, pooled across experiments. Significance threshold is FDR corrected and
shown as a dotted line.

Behavioral results
As expected from our staircase procedure, subjects detected approximately half of the tone pips in all experiments (mean and
SD: 51.8 ⫾ 4.0% and 50.4 ⫾ 0.8% in the speech-attended and
speech-unattended conditions of Experiment 1, 50.7 ⫾ 2.1% in
Experiment 2, and 51.0 ⫾ 1.6% in Experiment 3). In Experiment
1, both mean adjusted amplitude of the tone pips and median
reaction time were slightly higher in the speech-attended (tonepip amplitude: 0.154 ⫾ 0.030 AU; reaction time: median, 0.53 s)
than in the speech-unattended condition (tone-pip amplitude:
0.146 ⫾ 0.029 AU; reaction time: median, 0.51 s), but not significantly different (tone-pip amplitude p ⫽ 0.59, Student’s t test;
reaction time p ⫽ 0.23, Kruskal-Wallis test). Median reaction
time was 0.57 s in Experiment 2 and 0.58 s in Experiment 3. The
adjusted tone-pip amplitude was higher in Experiment 2 than the
mean of Experiments 1 and 3 (0.693 ⫾ 0.351 vs 0.144 ⫾ 0.034
AU; p ⬍ 0.001, Student’s t test), most likely because the energy of
the speech/noise signal was higher at that frequency. In all experiments, tone-pip amplitude did not differ between phase bins
used for further analyses ( p ⬎ 0.97; one-way ANOVA). False
alarm probability (as the percentage of button presses in all nonoverlapping 1 s windows not following a tone pip) was on average
4.3 ⫾ 2.1% and 3.5 ⫾ 2.1% in the speech-attended and speechunattended condition of Experiment 1, 3.8 ⫾ 1.6% in Experiment 2, and 5.7 ⫾ 3.0% in Experiment 3. The additional speech
comprehension task in the speech-attended condition of Experiment 1 (see Materials and Methods) was rather difficult, but
above chance level: on average, subjects completed the task with a
d⬘ (a measurement of sensitivity to the task, combining both hits
and false alarms; a d⬘ of 0 reflects performance at chance level) of
0.82 ⫾ 0.40, significantly above 0 ( p ⬍ 0.001). The performance
in the additional task of Experiment 3 (see Materials and Methods) indicated that subjects did perceive the modulation of intelligibility: on average, the speech sound was correctly classified
(forwards vs backwards) in 81.5 ⫾ 13.1% of the cases.

Perception selectively entrains to speech rhythm in the
absence of spectral energy fluctuations
Mean probability of tone-pip detection as a function of the original signal envelope at different time points around tone-pip onset is shown in Figure 4A for Experiments 1 and 2. In both cases,
a sinusoidal modulation of performance by the original signal
envelope is visible before tone-pip onset. Note that the same
phase bins were used in Figures 3 and 4A. Our modulatory effect
thus cannot be influenced by low-level features (i.e., amplitude
fluctuations in specific frequency bands) as they have been made
comparable across phase bins (Fig. 3B). However, higher-level
features were still present in the constructed snippets and still
fluctuated rhythmically as a function of the phase of the original
signal envelope (Fig. 1, bottom). Consequently, the dependence
of tone-pip detection probability on the phase of the original
signal envelope can only be explained by an entrainment to the
preserved rhythmic fluctuations in high-level features of the presented speech/noise sounds.
Strikingly, the actual phase of modulation clearly differed
between the two experiments: a peak of the original signal
envelope (phase 0; when the least amount of noise was added)
⬃50 ms before tone-pip onset was favorable for detecting a
2400 Hz pip (Experiment 1), but, in stark contrast, was disadvantageous for detecting a 100 Hz pip (Experiment 2). A video
of this frequency-specific entrainment effect, unfolding over
time, is presented as Movie 2. To statistically evaluate phase
entrainment to our stimuli, for each experiment a sine wave
was fitted to the mean performance (detection of tone pip as a
function of original signal envelope, averaged across subjects)
at each time point around tone-pip onset, and its amplitude
(averaged across the two experiments) was compared with
surrogate distributions (see Materials and Methods). Results
of this statistical test are shown in Figure 4B. Perceptual phase
entrainment is significant between ⫺250 and ⫺30 ms with
respect to click onset.
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ences (Fig. 5, inset) at the time of maximal significance (at ⬃⫺50
ms with respect to tone-pip onset) is strongly biased toward ⫾,
indicating a phase opposition of the modulatory effect at that
time (Fig. 4A, compare respective time panels).

Movie 2. Average performance (mean tone-pip detection probability as a function of phase
of the original signal envelope) in time (⫺800 to ⫹800 ms with respect to tone-pip onset),
separately for the two tone-pip frequencies (2400 Hz, Experiment 1: black line and dark gray
contour as mean and SEM, respectively; 100 Hz, Experiment 2: dark gray line and light gray
contour). The contours change color (2400 Hz: red; 100 Hz: blue) during all significant time
points of the pooled data (Fig. 4B). Note the phase opposition of the modulatory effect shortly
before tone-pip onset, reflecting frequency-specific phase entrainment.

Figure 5. Statistical significance (Watson-William test) of the circular difference between modulatory phases for the two tone-pip frequencies. A significant test value would
indicate a modulation of tone-pip detection by the phase of the original signal envelope
whose direction (e.g., favorable or disadvantageous) depends on tone-pip frequency.
Note the similarity of the time window of significance to Figure 4B. The distribution of
phase differences across subjects is shown as an inset for the time point of maximal
significance. Note that this phase distribution is strongly biased toward ⫾, indicating a
phase opposition of the modulatory effect at that time. The FDR-corrected significance
threshold is shown by a dotted line.

As mentioned above, we found perceptual phase entrainment
in both experiments, but the actual phase of the modulatory effect seemed to depend on tone-pip frequency. Therefore, to
quantify this effect, for each time point, we compared the phases
of the sine waves that were fitted to the performance of single
subjects (thus obtaining nine phases for each time point and
tone-pip frequency; Watson-William test: tests whether two
phase distributions have a different mean). The results of this test
are shown in Figure 5, indicating that the modulatory phases of
the two experiments significantly differed in a time window of
⬃220 ms before tone-pip onset. The distribution of phase differ-

Perceptual phase entrainment depends on
speech intelligibility
It is still under debate whether speech comprehension is critical
for phase entrainment to speech sound (Peelle and Davis, 2012;
Ding and Simon, 2014). Thus, we ran a third experiment in order
to test the role of intelligibility for the observed phase entrainment. Again, subjects were asked to detect (2400 Hz) tone pips.
However, the entraining speech/noise sound was presented either forwards or backwards. Obviously, if intelligibility played an
important role for phase entrainment, one would expect a modulation of tone-pip detection by the original envelope phase only
in the forward (but not in the backward) condition. Indeed, we
were able to replicate the perceptual modulation observed in Experiment 1 (Fig. 6). Note that p values (corresponding to Fig. 4B)
are smaller for the forward condition of Experiment 3 (Fig. 6A,
blue line) than those for Experiment 1 (Fig. 6A, black line) due to
a higher number of tone pips in Experiment 1 (1089 vs 531).
However, both the magnitude and phase of the actual perceptual
modulation (as visible in Fig. 6B for the time point of ⫺230 ms
with respect to tone-pip onset; corresponding to Fig. 4A) are very
similar. Importantly, the effect is abolished for the backward condition (Fig. 6, red line), suggesting that the observed perceptual
phase entrainment depends on speech intelligibility.
In short, the presented findings demonstrate a frequencyspecific high-level phase entrainment to speech sound that is
tightly linked to intelligibility. These findings are as follows: (1)
whether a tone pip is detected or not depends on the timing of
high-level features before the tone pip is presented; (2) the direction of this dependence depends on the location of the tone pip
with respect to the frequency content of the entraining stimuli
(the detection of a tone pip located beyond or within the principal frequency range of the speech sound is modulated by preceding high-level features in an opposite fashion); and (3) the effect
is abolished when speech/noise snippets are presented in reverse,
indicating an important role of intelligibility for perceptual phase
entrainment.
The observed effects are not due to small residual spectral
differences during stimulus construction
One might argue that small residual spectral differences across
original envelope phases in our stimuli could have been sufficient
to produce the results presented here. Indeed, our stimulus construction method is based on iterative convergence toward a
phase-equalized spectrum (see Materials and Methods), and
small residual spectral differences can therefore not be totally
excluded. To control for this, we designed noise stimuli displaying the average spectral content of our constructed speech/noise
snippets either at the peak (Fig. 3 B, phase 0) or the trough (Fig.
3B, phase ⫾) of the original signal envelope, without any rhythmic modulation. We had seven subjects listen to these steady
noise stimuli. We asked them to report the detection of embedded tone pips (same tone-pip frequencies as in Experiments 1/3
and 2) presented at random moments. The amplitude of the tone
pips was determined in a pre-experiment such that ⬃50% of the
tone pips were detected when embedded in noise, presenting a
spectrum equal to the average of the two spectra. During the
control experiment, the tone-pip amplitude was kept constant.
Importantly, detection of the tone pips did not differ between the
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that those remaining random fluctuations did not affect tone-pip
detection (data not shown).

Discussion

Figure 6. Perceptual phase entrainment depends on intelligibility. A, Statistical significance
of perceptual phase entrainment in Experiment 3, corresponding to Figure 4B (for ease of
comparison, results from Experiment 1 are also shown). The modulation of click detection by
original envelope phase is significant (between 280 and 200 ms before tone-pip onset) for the
forward condition (blue line; replicating the effect from Experiment 1, shown in black), but not
for the backward condition (red line), indicating that the observed perceptual phase entrainment depends on intelligibility. Significance threshold is FDR-corrected and shown as a dotted
line. B, Tone-pip detection probability as a function of the original signal envelope at ⫺230 ms
with respect to tone-pip onset. Note the sinusoidal modulation of performance for the forward
condition, which is absent for the backward condition. This modulation has a similar degree and
a similar phase as in Experiment 1, indicating that the effect could indeed be replicated. SEM is
shown by contours around the lines.

two types of noise [on average, 52.2 vs 53.4% (2400 Hz pips; Fig.
7A) and 44.0 vs 45.0% (100 Hz pips; Fig. 7B) for peak vs trough,
not significantly different: p ⫽ 0.79 (2400 Hz pips) and p ⫽ 0.81
(100 Hz pips), Student’s t test]. This result suggests that our phase
entrainment results cannot be explained by small residual spectral differences across original envelope phases. A related concern
is whether momentary remaining fluctuations in the envelope of
our constructed stimuli might influence perception as well (such
momentary fluctuations are due to the fact that it is only the
average spectral content that is comparable across original envelope phases). To test for this, we computed the modulation of
tone-pip detection by the signal envelope of the constructed snippets (corresponding to Fig. 4B, which shows results from the
same analysis, but with respect to the signal envelope of the original snippets). However, p values did not reach significance (same
FDR-corrected significance threshold as for Fig. 4B), indicating

Many studies showing phase entrainment to speech (Ahissar et
al., 2001; Luo and Poeppel, 2007; Nourski et al., 2009; Kerlin et
al., 2010; Horton et al., 2013; Millman et al., 2013; Zion Golumbic
et al., 2013a, 2013b) did not fully disentangle low-level effects of
fluctuations in sound amplitude or spectral content (corresponding to information processed in the cochlea) and covarying highlevel effects (i.e., phase entrainment beyond the cochlear level).
Theoretically, their findings could thus involve a passive phase
locking of the auditory system to amplitude changes in the signal
envelope (VanRullen et al., 2014). In particular, peaks and
troughs in the signal envelope could systematically reset ongoing
oscillations (Gross et al., 2013; Doelling et al., 2014), possibly resulting in regular repetitions of evoked potentials (i.e., ASSR)—and an
apparent alignment between brain oscillations and speech sound.
A conclusive answer to the question whether phase entrainment
entails an active component was still lacking. Although the term
“envelope tracking” is commonly used in the literature to describe the adjustment of oscillations to the regularity of speech
sound (Giraud and Poeppel, 2012), the implied active mechanism has never been directly shown. Potential evidence for an
active mechanism would be the demonstration that phase entrainment to speech entails a high-level process, such as phase
locking to speech sound in the absence of systematic low-level
fluctuations. Indeed, in this study, we provide evidence for an
active, high-level process in phase entrainment to speech sound.
We do so by controlling for differences in low-level properties
(fluctuations in sound amplitude and spectral content) in speech
sound while keeping both high-level information and intelligibility intact (Fig. 1B, bottom; Fig. 3).
An increasing number of recent studies have investigated the
phenomenon of phase entrainment to speech, some of them
highly relevant for the question mentioned above. In Doelling et
al. (2014), each peak in the signal envelope was replaced by a peak
of uniform height and shape (i.e., a pulse train was centered at
envelope peaks, reflecting the stimulus rhythm), leaving only envelope cues but severely reducing high-level information. Although they found a drastic reduction of intelligibility, phase
locking between brain oscillations and speech stimuli was not
abolished, clearly underlining the importance of low-level features for phase entrainment. On the other hand, evidence for a
high-level influence in phase entrainment to speech was reported
by Peelle and colleagues (2013) and confirmed by Gross et al.
(2013). They showed that, although neural oscillations did entrain to unintelligible sentences, phase locking was enhanced
when intelligibility of speech was restored (Luo and Poeppel,
2007, their Fig. S2). Complementary to our study, Ding et al.
(2013) reduced spectrotemporal fine structure of speech without
strongly affecting the signal envelope. This manipulation resulted
in an impaired phase locking to the signal envelope, indicating a
role of high-level features in phase entrainment to speech. However, these reports of a high-level component in phase entrainment are still indirect, as they measure high-level modulations
(e.g., by attention: Peelle et al., 2013; Zion Golumbic et al.,
2013b; or intelligibility: Gross et al., 2013) of a phase entrainment that may still be primarily driven by low-level features of
speech sound. Indeed, the existing literature remains compatible with the notion that low-level fluctuations are necessary
for phase entrainment, and that this entrainment is merely
upregulated or downregulated by high-level factors, such as
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Figure 7. Control experiments/analyses to rule out alternative explanations for the observed high-level modulation of click detection. A, B, Results of a control experiment in which subjects were
asked to detect (A, 2400 Hz; B, 100 Hz) tone pips that were embedded in different noises. The noises were designed to have the average spectral content of the constructed speech/noise snippets
either at the peak (Fig. 3B, phase 0) or the trough (Fig. 3B, phase ⫾) of the original signal envelope (⬃500 tone pips for each pip frequency and noise spectrum). As tone-pip detection probability
did not differ between the two spectra, our effect cannot be explained by small residual spectral differences across original envelope phases in our constructed speech/noise stimuli. SEM across
subjects is shown by error bars. C, Correlation of original envelope phases extracted as the sum of power across frequencies, either obtained by wavelet transformation (using 304 logarithmically
spaced frequencies in the range between 0.59 and 21,345 Hz) and weighted by the cochlear sensitivity (x-axis), or by gammatone filtering ( y-axis; 64 gammatone filters in the frequency range
between 80 and 8020 Hz). Note that phases were divided into bins. The color bar shows the proportion (in percentage) of phase pairs (i.e., the phase obtained by wavelet transformation and cochlear
weights paired with the corresponding phase obtained by gammatone filtering) falling into each phase bin. The similarity between the two methods for phase extraction is evident in that essentially
all phase pairs lie on the diagonal, indicating that our method (wavelet transformation and cochlear weights) is essentially equivalent to that using cochlear (gammatone) filtering (see Materials and
Methods).

attention or intelligibility. By contrast, the technique presented here allowed us, for the first time, to isolate high-level
fluctuations in speech sound: we could demonstrate that lowlevel features of speech are not necessary to induce phase
entrainment, and thus that this entrainment truly entails a
high-level process.
Furthermore, the role of intelligibility in phase entrainment is
currently under debate: on the one hand, intelligibility is not
required for entrainment to speech sound (Howard and Poeppel,
2010; Luo and Poeppel, 2012; Peelle et al., 2013); on the other
hand, phase entrainment is enhanced in intelligible compared
with nonintelligible sentences (Gross et al., 2013; Peelle et al.,
2013). Here, we were able to show that high-level perceptual
phase entrainment depends on intelligibility (Fig. 6), indicating
that comprehension is indeed an important factor for the brain’s
adjustment to speech sound.
Again, we note that low-level and high-level features of speech
are not well defined in the literature. For instance, phonemes are
normally defined in terms of what is perceived than in terms of
acoustic patterns, and auditory processing beyond the cochlear
level is complex and not well understood (Moore, 2003; Nelken,
2008). Because all phases were equalized with respect to their
amplitude and spectral content, the underlying rhythm cannot
passively entrain the lowest (i.e., cochlear) level of auditory processing, where every rhythmic phase should normally excite the
same cells to the same extent. We do not want to discount the
possibility, however, that part of the remaining auditory fluctuations may entail “low-level” features, as this directly depends on one’s specific definition of low-level versus highlevel speech information. What we can argue, nonetheless, is
that some of the most basic low-level properties of speech
(fluctuations in sound amplitude and spectral content) are not
strictly necessary for phase entrainment—something that had
not been shown before.

It was recently demonstrated that phase entrainment of neural
oscillations can be frequency specific: Lakatos et al. (2013) and
O’Connell et al. (2011) presented regular trains of clicks while
recording in different regions of monkey A1, whose response
properties either matched the frequency of the click [“best frequency” (BF) regions] or did not match the frequency of the click
(non-BF regions). They found that only BF regions entrained
their high-excitability phase to the expected click onset whereas
entrainment of low-excitability phase was found in non-BF regions, indicating a suppression of neuronal responses in regions
not tuned to the respective frequencies. This property of phase
entrainment can be described as a spectrotemporal amplifier–
attenuator system: important events are aligned with periodically
reoccurring “windows of opportunity” (Buzsáki and Draguhn,
2004) for stimulus processing, but only in brain regions processing the concerned frequencies, resulting in an alignment of the
high-excitability phase with and an amplification of the expected
events. Critically, these “windows” are closed in brain regions
processing irrelevant frequencies, resulting in an alignment of
low-excitability phase with and an attenuation of unexpected or
irrelevant events (Lakatos et al., 2013). In our study, we show for
the first time that frequency-specific entrainment can also be
found in humans and that it directly affects perception. Whereas
we found perceptual phase entrainment in both experiments,
reflected by a modulation of tone-pip detection by the phase of
the original envelope, the actual phase of the modulatory effect
depended on the frequency of the tone pip and was different for
tone pips beyond and within the principal frequency content of
the speech stimuli, respectively.
Although a logical next step could be to combine these psychophysical data with electrophysiological recordings, for instance using electroencephalography (EEG), we argue that our
present demonstration of phase entrainment at the perceptual
(rather than the neural) level is, in this case, even more sensitive.
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Our results must imply that at least some neuronal population is
tracking the rhythm of high-level features. On the other hand,
this population’s activity may or may not be sufficiently high to
be visible in EEG. Further studies are necessary to clarify this
issue. Furthermore, in the present study, we constructed speech/
noise stimuli such that the average activity profile in the cochlea
does not differ across original signal envelope phases. However, it
is possible that for some phases the cochlear activity deviates
around the mean (across different envelope cycles) more than for
others. Similarly, we did not equalize instantaneous spectral entropy across original envelope phases. Thus, as a next step, it
would be interesting to use stimuli where not only the mean
spectral content is made comparable across envelope phases (a
first-order control), but also its temporal variability and/or spectral entropy (a second-order control).
In this study, entrainment to speech sound lasted only one
cycle of the signal envelope (200 –250 ms; Fig. 4). Based on previous reports in vision, this finding might seem surprising at first
glance: it has been shown that visual stimuli influence the visual
system for a much longer time (VanRullen and Macdonald,
2012). One reason for this discrepancy between visual and auditory processing might originate from the need for flexible sampling of the auditory system, which, in contrast to the visual
system, relies heavily on temporal, continuously changing information (Thorne and Debener, 2014). Whereas a visual
scene might be stable for a relatively long time, acoustic stimuli are fluctuating by nature. Consequently, temporal predictions (reflected by phase entrainment) about the “auditory
world” might only be possible for the near future; predictions
that reach too far ahead might easily turn out to be wrong and
could even be disruptive for auditory processing (VanRullen
et al., 2014). In line with our finding, Lalor and Foxe (2010)
showed that the signal envelope of speech sound is reflected in
EEG data for a period corresponding to ⬃1 envelope cycle
(200 –250 ms).
In conclusion, as it was demonstrated here, perceptual phase entrainment in the auditory system is possible in the absence of spectral
energy fluctuations. Our results indicate that, even in response to
nontrivially rhythmic stimuli (not containing any obvious rhythmic
fluctuations in their lowest-level features), the brain actively generates predictions about upcoming input by using stimulus features on
a relatively high cognitive level (which is necessary when differentiating speech from noise). These predictions depend on intelligibility
of the underlying speech sound and have frequency-specific consequences on stimulus processing in the auditory system, opening
“windows of opportunity” for relevant frequencies, but closing them
for others.
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