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Abstract

■ Syllables are an essential building block of speech. We
recently showed that tactile stimuli linked to the perceptual
centers of syllables in continuous speech can improve speech
comprehension. The rate of syllables lies in the theta frequency
range, between 4 and 8 Hz, and the behavioral effect appears
linked to multisensory integration in this frequency band.
Because this neural activity may be oscillatory, we hypothesized
that a behavioral effect may also occur not only while but
also after this activity has been evoked or entrained through
vibrotactile pulses. Here, we show that audiotactile integration
regarding the perception of single syllables, both on the neural
and on the behavioral level, is consistent with this hypothesis.
We first stimulated participants with a series of vibrotactile

pulses and then presented them with a syllable in background
noise. We show that, at a delay of 200 msec after the last vibro-
tactile pulse, audiotactile integration still occurred in the theta
band and syllable discrimination was enhanced. Moreover, the
dependence of both the neural multisensory integration as
well as of the behavioral discrimination on the delay of the
audio signal with respect to the last tactile pulse was consistent
with a damped oscillation. In addition, the multisensory gain is
correlated with the syllable discrimination score. Our results
therefore evidence the role of the theta band in audiotactile
integration and provide evidence that these effects may
involve oscillatory activity that still persists after the tactile
stimulation. ■

INTRODUCTION

Speech is built from units of increasing duration and com-
plexity, from phonemes to syllables, words, and sen-
tences. Extraction of the linguistic information in the brain
and its subsequent processing requires some segmenta-
tion of the acoustic signal into these units (Hickok &
Poeppel, 2007; Scott & Johnsrude, 2003). This segmenta-
tion presumably relies on cortical activity that tracks
the rhythms set by the different speech units (Giraud &
Poeppel, 2012).

The theta frequency range of cortical activity, between
4 Hz and 8 Hz, appears especially important as it corre-
sponds to the rhythm of syllables and has been demon-
strated to reflect several speech-related processes (Di
Liberto, O’Sullivan, & Lalor, 2015; Ding & Simon, 2014;
Doelling, Arnal, Ghitza, & Poeppel, 2014). Moreover,
influencing the cortical tracking in the theta frequency
range through transcranial alternating current stimula-
tion (tACS) has been found to modulate speech compre-
hension (Keshavarzi, Kegler, Kadir, & Reichenbach,
2020). The delta frequency range, between 1 Hz and 4 Hz,

is important as well as it corresponds to the rhythm of
words and has been linked to syntactic and semantic infor-
mation (Weissbart, Kandylaki, & Reichenbach, 2020; Ding,
Melloni, Zhang, Tian,&Poeppel, 2016).However, it should
be noted that influencing the cortical tracking in that range
using taCS did not modulate speech comprehension
(Keshavarzi et al., 2020).
The neural activity in the theta band is also thought to

support multisensory integration for speech comprehen-
sion as well as for attention to speech (Keil & Senkowski,
2018; Lakatos et al., 2009). Because the cortical activity in
frequency bands such as the theta band is often assumed
to be oscillatory, the multisensory integration has been
hypothesized to work based on a phase reset mechanism.
Under this hypothesis, the ongoing oscillations in the
theta frequency band are reset through a stimulus, yield-
ing and enhancing the observed cortical tracking of
amplitude changes in a continuous stimulus such as
speech (van Atteveldt, Murray, Thut, & Schroeder, 2014;
Mercier et al., 2013). This hypothesis is supported by the
observation of resets of activity in the auditory cortex
through visual inputs (Kayser, 2009). Regarding speech
processing, the neural activity linked to speech rhythms
may accordingly be reset by stimuli in other sensory
modalities, possibly impeding or enhancing speech
comprehension (Crosse, Di Liberto, & Lalor, 2016; Crosse,
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Butler, & Lalor, 2015). In contrast to this bottom–upmech-
anisms, multisensory effects are also modeled as a top–
down attentional modulation. In that regard, alpha band
activity has been shown to reflect such a multisensory
effect (Misselhorn, Friese, & Engel, 2019).
Tactile stimuli have been found to elicit activity in the

auditory cortex, and this neural activity becomes inte-
grated with auditory activities at similar latencies as the
processing of the auditory information itself (Fu et al.,
2003; Foxe et al., 2002; Schroeder et al., 2001; Foxe
et al., 2000). Somatosensory stimuli, in particular, have
been shown to reset the phase of ongoing oscillatory activ-
ity in the auditory cortex (Lakatos, Chen, O’Connell, Mills,
& Schroeder, 2007) as well as to modulate the cortical
tracking of the amplitude fluctuations in speech (Riecke,
Snipes, van Bree, Kaas, & Hausfeld, 2019).
Regarding behavior, studies have found that speech

comprehension can be modulated using tactile stimuli
derived from slow rhythms of speech, generally after train-
ing of the participants (Cieśla et al., 2022; Fletcher, Mills, &
Goehring, 2018). We showed recently that sparse vibrotac-
tile signals delivered at the rhythm of syllables can modu-
late both speech comprehension and certain neural
responses to speech (Guilleminot & Reichenbach,
2022). In particular, the tactile stimuli can both enhance
as well as reduce speech comprehension, depending on
the delay between the vibrotactile pulses and the percep-
tual centers of the syllables. The dependence of the
speech comprehension score on the delay follows a sinu-
soidal function with a frequency that lies in the theta
range: Speech comprehension is maximal when the
oscillations reach their peak. This behavior can possibly
be explained by a multisensory phase reset mechanisms.
By resetting the phase of the auditory oscillations, the tac-
tile stimulation indicates the incoming syllables and the
phase is maximal when they should be integrated, thus
improving syllable parsing. However, because this study
employed continuous speech, it remains unclear whether
the observed sinusoidal dependence reflects oscillatory
brain activity or rather a regularity in the timing of the
syllables (van Bree, Sohoglu, Davis, & Zoefel, 2021).
Here, we aim to further investigate the audiotactile

integration. In particular, we wish to test whether tactile
stimuli can affect the comprehension of a single syllable
even after the tactile stimuli have ended, as would be
expected if the stimuli entrained ongoing oscillatory brain
activity. To do so, we limit speech comprehension to a
syllable discrimination task. Indeed, by stimulating the
activity in the auditory cortex through vibrotactile stimula-
tion at a naturally occurring syllabic rate, we should
observe an improvement of the syllable parsing process
and therefore an improvement in syllable discrimination.
We therefore aim to investigate both behaviors, through
measuring the ability of participants to discriminate
between two similarly sounding syllables, as well as elec-
trophysiology, to elucidate neural correlates of audiotac-
tile integration.

METHODS

Participants

Sixteen participants (aged 22 ± 2 years, 7 women) partic-
ipated in the experiment. The number of participants was
chosen based on previous related work (Guilleminot &
Reichenbach, 2022; Keshavarzi et al., 2020; Fletcher
et al., 2018; Crosse et al., 2016). All participants were native
English speakers, right-handed, and had no history of
neurological disorders or hearing impairment. No prior
training regarding the tactile stimulation, with or without
audio, was given beforehand. Because of equipment
failure, one of the participants’ EEG could not be
recorded. Volunteers gave their written informed con-
sent before the experiment. The research was approved
by the Imperial College research ethics committee with
reference: 19IC5388 NoA 1.

Experimental Design

Participants were first stimulated with five subsequent
vibrotactile pulses that occurred at a rate of 5 Hz, that
is, two successive pulses were spaced 200 msec apart
(Figure 1). Background noise was presented continu-
ously throughout the trial. After a delay of 150 msec to
300 msec from the time of the last pulses, participants
heard a short syllable. They then had to choose which
of two similarly sounding syllables was presented, a task
for which they were allowed to take as much time as
needed.

EEG responses were recorded throughout the experi-
ment, starting before the delivery of the first vibrotactile
pulse and ending after the presentation of the syllable.

Hardware

All signals were created digitally on a personal computer
(Windows 7 operating system). They were then syn-
chronized and converted into analogue signals through
the RX8 multi-I/O processor device (Tucker-Davis Tech-
nologies [TDT]) at the sampling rate of 39,062.5 Hz.
Participants listened to the acoustic stimuli through
insert earphones (ER-2, Etymotic Research) placed
in their ear canals. For tactile stimulation, participants
were holding a vibrotactile motor (Tactuator MM3C-HF,
TactileLabs) between the thumb and index finger of
their right hand.

EEG signals were acquired using 64 active electrodes
(actiCAP, BrainProducts) and a multichannel EEG ampli-
fier (actiCHamp, BrainProducts). For a precise synchroni-
zation of the sensory stimuli and the EEG response, the
delivered signals were recorded together with the EEG
signals (StimTrak, BrainProducts, Germany), and each trial
was preceded by a trigger signal sent to the TDT proces-
sor. The tactile and audio signals were sent using the TDT
RX8, thus ensuring their synchronization together.
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Acoustic Stimuli

In each trial of the experiment, participants first experi-
enced five vibrotactile pulses, listened to a syllable in
noise, and then selected the presented syllable from two
possible choices. The two syllables from which the partic-
ipant could choose in a given trial were displayed on the
left and right side of a monitor, and participants were
asked to indicate their choice by pressing the left or right
key, respectively, on the keyboard. The syllables were
always presented within one of the following three pairs:
(pa, ba), (ta, da), and (ga, ka). These syllables all have a
similar manner of articulation, and the two syllables of a
given pair also possess a similar place of articulation
(Blumstein & Stevens, 1979). Indeed, all of the syllables
are made of a stops consonant, and the only difference
between the two members of a same pair is whether they
are voiced or unvoiced. Each member of the pairs can
therefore be easily confused for the other, making them
good candidates for a discrimination task.

The syllables were converted to both an artificial female
and a male voice using the text-to-speech software
TextAloud at a sampling rate of 44,100 Hz. The audio stim-
uli were manipulated using Praat to have the same

duration and intensity (Boersma & Van Heuven, 2001).
The syllables thus created were modified so that the tran-
sition of consonant (“d,” “t,” “p,” “b,” “g,” “k”) to vowel
(always “a”) would happen 50 msec after the start of the
syllable, that is, the first change in amplitude, as repre-
sented in Figure 2C and D. The information that allowed
for syllable discrimination was therefore contained within
the first 50 msec. This duration was chosen because of
the later defined audiotactile lags that are separated by
50 msec each. Containing the information into such a
window therefore allows our sampling of different delays
to be enough to detect a potential effect.
The signal was then mixed with speech-shaped noise at a

signal-to-noise ratio of −10 dB. The speech-shaped noise
was generated so that it covered the same spectral content
as the target speech. The resulting audio signals were deliv-
ered to the participants at an intensity of 75 dB SPL, deemed
comfortable by the volunteers. We refer to this signal as the
audio stimuli or the syllables in the rest of the article.

Tactile Stimuli

The tactile stimuli consisted of five vibrotactile pulses that
were presented in succession at a frequency of 5 Hz,

Figure 1. Experimental setup. (A) Each participant was first stimulated with vibrotactile pulses at their right index finger and subsequently heard
a syllable in noise that they had to discriminate from another similarly sounding syllable. During the experiment, brain activity was recorded using
EEG. (B) The stimuli consisted of five consecutive vibrotactile pulses (red line) at a rate of 5 Hz, followed by a syllable whose onset occurred
150 msec, 200 msec, 250 msec, or 300 msec (blue, green, yellow, and red disk) after the last vibrotactile pulse. Putative oscillatory neural activity in
the theta range might be reset by the vibrotactile pulses and decay after the last pulse (black line). (C, D) The waveforms for one pair of syllables: ta
and da. The red line marks 50 msec.
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resulting in a duration of 800 msec between the first and
the last pulse. In addition to this regular train of vibrotac-
tile pulses, we created irregular pulse trains. The time
between two successive pulses was thereby drawn from
a uniform distribution ranging from 50 msec to 300 msec.
The total duration of the obtained irregular pulse trains
ranged from 700 to 900 msec. The onset of the syllable
was delivered 1000 msec after the first vibrotactile pulse
and thus between 100 msec and 300 msec after the last
vibrotactile pulse.
The temporal waveform ψ(t) of the individual pulses

was designed as real Morlet wavelets:

ψ tð Þ ¼ ψ0sin 2πf tð Þe
−t2

2σ2 (1)

in which t denotes time. The amplitude was set at ψ0 =
1.4 V, the carrier frequency f at 80 Hz, and the width σ at
7.5msec. We refer to this signal as the tactile stimuli or the
vibrotactile pulses in the rest of the article.

Delays of the Sound Signal and Control Conditions

When presenting the syllable, we considered different
time shifts between the latest vibrotactile pulse and the
onset of the syllable, which we refer to as the audiotactile
lags. We expected that the audiotactile integration would
involve neural activity in the theta frequency range, in
which the periods of oscillation range from 125 msec to
250 msec. Investigating a putative oscillatory component
in the neural, and, respectively, in the behavioral
responses to the syllables, therefore, required delays that
would lie in the second period of the oscillations following
the last vibrotactile pulse, but not later so that the oscilla-
tory activity had not yet dissipated.
We accordingly chose lags of 150 msec, 200 msec,

250 msec, and 300 msec after the last vibrotactile pulse
(Figure 1). This resulted in four audiotactile conditions. A
fifth condition was obtained by starting with an irregular
train of vibrotactile pulses followed by the presentation of
a syllable that occurred randomly between 100 msec and

300 msec after the last pulse. Whether regular or not,
conditions in which both tactile pulses and syllables are
presented are referred to as audiotactile conditions.
Finally, as a control, we used an audio-only condition
where no vibrotactile pulses were presented. We there-
fore obtained six different conditions, one of which was
irregular, to study if the simple addition of tactile stimu-
lation, with no set rhythm, could elicit an effect. This was
motivated by previous results that demonstrated a supra-
additive effect on envelope tracking in the presence of
mismatched tactile stimuli (Guilleminot & Reichenbach,
2022).

Data Collection

The data collection was carried out in a single session for
each participant. In each trial, the participants were pre-
sented with a single syllable in one of the six conditions,
that is, with prior tactile stimulation except in the audio-
only condition. Before each trial, a window of text notified
participants of whether the condition was going to be an
audiotactile or the audio-only condition so they would
not be surprised by the presence or absence of the vibro-
tactile pulses. This was done to avoid any effects of the
participants’ surprise on the EEG signal (Mars et al.,
2008). Moreover, during the pilot study, participants
tended to interpret the absence of tactile stimuli during
the audio-only condition as a dysfunction, impeding their
focus.

Each trial, audio or audiotactile, started with the presen-
tation of speech-shaped noise for a random duration
between 500 msec and 1 sec. This was done to get the
participants used to the audio level at each trial as well
as randomizing the time at which the syllables were pre-
sented after the start of the trial. Using a random duration
avoided participants using the start of the noise presenta-
tion to infer the exact timing of the upcoming syllable. In
the audiotactile conditions, the vibrotactile pulses were
then sent, followed by the syllable. In the case of the

Figure 2. Syllable recognition scores for the different conditions. (A) The scores differed significantly between the conditions. In particular, syllable
recognition at an audiotactile lag of 200 msec was significantly higher than in the audio-only condition. (B) A histogram of the number of occurrences
at which a certain condition yielded the best syllable recognition per participant showed that the audiotactile lag of 200 msec gave, for most
participants, the highest score. *** = p < .001.
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audio-only condition, no vibrotactile pulses were pre-
sented but noise was played for the same duration. Finally,
after the syllable had been played, there was a 500-msec
pause before the choice of two syllables was displayed
on the monitor. Before this choice, the monitor continu-
ously displayed a fixation cross that participants were
asked to focus on.

Each unique combination of syllable (pa, ba, ka, ga, ta,
da), condition (one audio-only, five audiotactile), and
voice (female, male) was presented 7 times, resulting in
504 trials. During the whole duration of the experiment,
we recorded the participant’s EEG.

Preprocessing of EEG Recordings

We recorded the EEG data at a sampling rate of 1000 Hz
using 64 electrodes in an extended 10–20 system refer-
enced to the vertex (Cz). During the preparation of the
EEG recordings for a particular participant, the maximal
impedance was kept under 10 kΩ. The EEGdata were then
band-pass filtered between 0.1 Hz and 32 Hz (one pass,
zero-phase, noncausal finite impulse response bandpass
filter of order 33,000). For time–frequency analysis, the
EEG data were resampled at 100 Hz.

Statistical Testing of the Behavioral Results

For the behavioral results on syllable discrimination, we
first assessed if the results differed significantly between
the six experimental conditions through a Friedman test.
If an effect was detected, we then used multiple post hoc
Wilcoxon tests between the audio-only condition that
served as a control condition and all of the audiotactile
conditions. The resulting p values were corrected for
multiple comparisons using the conservative Bonferroni
correction (Bland & Altman, 1995). We also computed
the condition at which the maximum score was obtained
for each participant. We then tested whether the obtained
distribution could be obtained via a uniform distribution
using a chi-squared test.

Statistical Tests for the EEG Data

To test an effect of the tactile stimulation on the neural
response to the syllable, we investigated the EEG signal
after the syllable had been presented. In particular, we
chose a time window between 50msec and 550 msec after
the onset of the syllable. Typically, somatosensory evoked
potentials range from 0 msec to 200 msec poststimuli
(Nuwer, 1998; Desmedt & Robertson, 1977). Therefore,
this choice of window allows to avoid late-evoked activity
contamination from the tactile stimuli while still studying
the entire neural response to the syllable.

In this time window, we studied the EEG power in dif-
ferent scalp areas and in different frequency bands. In par-
ticular, we focused on the power in the delta frequency
band (1–4 Hz) and in the theta frequency band (4–8 Hz)

in the lateral temporal areas as they have been found to
play important roles in speech processing (Etard &
Reichenbach, 2019; Doelling et al., 2014; Poeppel, 2003).
The theta band is especially relevant because of its role
found in audiotactile integration of continuous speech
(Guilleminot & Reichenbach, 2022). In addition, we con-
sidered the power in the alpha frequency band (8–12 Hz)
in the frontal and central areas, as it accounts for top–
down multisensory processes, that is, attentional modula-
tion (Misselhorn et al., 2019).
The EEG signals in these scalp areas and frequency

bands were compared between the audio-only control
condition and each of the five audiotactile conditions.
The comparison was obtained using a threshold-free clus-
ter enhancement method using the Morlet transform
(Roach & Mathalon, 2008; Maris & Oostenveld, 2007).
For each combination of the five audiotactile conditions
and the six space-frequency foci of interest, the clustering
method yielded a collection of p values that were already
corrected for multiple comparisons. Each point in each
time–frequency domain therefore yields a p value. The
p value indicates the chance that the point belongs to a
cluster in the time–frequency domain that shows a
statistically significant difference between an audiotactile
condition and the audio-only condition. We selected the
minimal p value for each of these 30 combinations, as
this method indicates the best candidate and does not
rely on the exact boundaries of the cluster, which are
subject to uncertainty (Sassenhagen & Draschkow,
2019). We then corrected for multiple comparisons
across the 30 combinations through the Bonferroni cor-
rection (Bland & Altman, 1995).
Although the threshold-free cluster enhancement

method allows for interpretability of the obtained
results, it is limited in terms of resolution and conclu-
sions about the exact extent of latency, location, or fre-
quency band (Sassenhagen & Draschkow, 2019; Mensen
& Khatami, 2013; Smith & Nichols, 2009). However, the
cluster enhancement method can reliably identify the
frequencies at which the neural responses in the audio-
tactile condition and in the audio-only condition differ
the most.

Damped Oscillator Model

We hypothesized that the tactile stimulation can reset
the phase of intrinsic neural oscillations. After the last
vibrotactile pulse, we assumed that the intrinsic oscilla-
tions would slowly dissipate, following damped oscilla-
tions (Figure 1B). We therefore modeled both the neural
and the behavioral data obtained in the audiotactile condi-
tions with different lags through damped oscillations:

A tð Þ ¼ A0 þ A1cos 2πft þ ϕð Þe−t
τ (2)

in which t denotes the audiotactile lag. To reduce subject-
specific differences, the data points were scaled so that they
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would have a standard deviation of 1 and be centered
around 0 for each participant, such that A0 = 0. A1 corre-
sponds to the amplitude of the oscillation, whereas f rep-
resents the oscillation frequency andϕ a phase shift. Finally,
τ is the decay time of the oscillation.
This simple model is represented in Figure 1B, where

neural oscillations are being reset by tactile stimulation.
In this representation, the oscillation frequency f can be
interpreted as an intrinsic rhythm, specific to speech seg-
mentation, that we approximate as being the same for all
participants. The decay time τ can be interpreted as the
dissipation of the oscillations as time passes by with no
stimulation. Our experiment assumes that the decay time
is long enough that some oscillatory activity can be
observed past one period. Finally, the phase shift ϕ corre-
sponds to the phase of the oscillations following the reset.
For example, Figure 1B represents a low negative phase
shift ϕ 2 [−π /2, 0], where the reset opens the window
of temporal integration: We expect integration to be opti-
mal shortly following the reset. For the frequency f, we
considered the values that the cluster enhancement
method identified as being most informative about the
differences in the EEG signals between the audiotactile
conditions and the audio-only condition. We made this
choice because our analysis showed these frequencies to
be related to audiotactile integration in the brain. We
obtained 64 data points (4 audiotactile lags × 16 partici-
pants) for the behavioral measure and 60 data points (4
audiotactile lags × 15 participants) for the electrophysio-
logical one. The fitting procedure was done 2 times, as per
previously presented (Guilleminot & Reichenbach, 2022;
Kadir, Kaza, Weissbart, & Reichenbach, 2020; Keshavarzi
et al., 2020). First, we fitted the amplitude, phase, and
decay time through least square optimization using the
trust region reflective method and a linear loss. The
parameters were fitted with the following bounds: A1 2
[0, 100], ϕ2[−π, π], τ 2 [0, 1000] msec. We later used
the values of ϕ and τ found this way.
Finally, the statistical significance of the obtained fit was

assessed through Hubert robust linear regression, as it
accounts for possible outliers, using A1 as the regression
variable and a significance criterion of α= .05 (Rousseeuw
& Hubert, 2011).

Correlation between Electrophysiology
and Behavior

Finally, we wanted to relate the behavioral results to the
electrophysiological one, more specifically capture
whether there was a common within-individual effect.
To that end, we used repeated-measures correlation
(Bakdash & Marusich, 2017). We therefore considered
each of the different audiotactile condition, including
the irregular one, as a measure for each of participants,
resulting in 75 data points (15 participants × 5 audiotactile
conditions).

RESULTS

Behavioral Assessment

We first determined the average syllable discrimination
score across all participants and all conditions. On average,
participants recognized 70 ± 1% of the syllables correctly
(mean and standard error of the mean). We then studied
the variation of this score between the different condi-
tions. A Friedman test revealed a significant difference
between the scores obtained in the various experimental
conditions ( p < .0005). We therefore tested the syllable
discrimination score in each audiotactile condition against
the score obtained in the control audio-only control con-
dition using post hoc pairwise tests. These tests revealed
that the syllable discrimination score in audiotactile condi-
tion with an audiotactile lag of 200 msec was significantly
higher than the score in the audio-only condition ( p =
.0006, Bonferroni correction for multiple comparisons;
Figure 2A). On average, participants scored 68 ± 1% in
the control condition, whereas they achieved an average
score of 74 ± 1% in the audiotactile condition with an
audiotactile lag of 200 msec. No significant difference
emerged for any of the other comparisons ( p > .1). To
further analyze the difference between the scores
obtained with the audiotactile lag of 200 msec and the
ones in the audio-only condition, we computed the differ-
ence between these scores for each syllable separately and
compared them. A Friedman test did, however, not find a
significant variation in the score differences between the
different syllables ( p= .49). Finally, as an additional mea-
sure of audiotactile integration, we computed the audio-
tactile condition for each participant at which they
obtained the best score. The obtained distribution was sig-
nificantly non-uniform ( p = .001; Figure 2B). The condi-
tion that yielded the highest syllable recognition score for
most participants was the one with the audiotactile lag of
200 msec.

Electrophysiological Responses

To study the neural responses to the sensory stimuli, we
first investigated the responses to the five vibrotactile
pulses. We obtained five consecutive peaks, spaced
200 msec apart (Figure 3A). Each peak occurred at a
delay of 48 msec after the corresponding pulse. The
topographic plots showed a response in the left hemi-
sphere, with a dipole bipolar pattern that suggested a
source in the left somatosensory cortex. This spatiotem-
poral pattern was confirmed in the average response
across the five pulses (Figure 3B). To assess the ampli-
tudes of the five peaks, we computed the global field
power (GFP) of the EEG signal in a ROI (FC1, FC3, F3,
F1, CP5, CP3, P5, P3; Figure 3C). Finally, we assessed
the EEG response to the syllable in the audio-only con-
dition (Figure 3D). We found two peaks, at delays of
93 msec and 207 msec after the onset of the syllable. The
first peak showed a larger amplitude with a symmetric
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topography whereas the second peak displayed a left-
lateralized topography.

Audiotactile Gain in the EEG Response

To assess whether there was an audiotactile gain in the
EEG response, we considered the EEG signal from before
the onset of the syllable to a certain period afterward. We
computed the space–time–frequency response of each
audiotactile condition, and subtracted the response of
the audio-only condition. This yielded an estimate of the
audiotactile gain provided by the prior presentation of the
vibrotactile pulses.

We focused on specific ROIs in the channel-frequency
space (Figure 4A). First, we were interested in the delta
and theta frequency band in the left and right lateral tem-
poral areas. Second, we also investigated the responses in
the alpha band in the frontal and central areas.

We found only one space–time–frequency cluster at
which a statistically significant audiotactile gain emerged.
This cluster was located on the right lateral area, contained
frequencies in the theta range, and occurred at a delay of
200 msec after the syllable onset ( p = .036, Bonferroni
correction for multiple comparisons; Figure 4B, C). The
cluster corresponding to this particular set of frequency
(theta range), condition (audiotactile with a latency of
200 msec), and location (right lateral are) was represented

in Figure 4. No other cluster proved statistically significant
after multiple test correction ( p > .13).
The center frequency of the cluster at which the audio-

tactile gain emerged was 6 Hz. We computed the GFP at
this frequency in each audiotactile condition and
subtracted the corresponding power in the audio-only
condition (Figure 5D). Because the audiotactile gain
occurred around 200 msec after the syllable onset, we
extracted the power difference at this latency. Because this
quantity represents a marker of audiotactile integration,
we refer to it as the neural audiotactile gain.

Time Dependency of the Syllable Recognition Score and
the Neural Audiotactile Gain

Having identified a behavioral quantity that informs on the
audiotactile integration, the syllable recognition score,
and an electrophysiological one, the neural audiotactile
gain, we wondered how both depended on the delay at
which the syllable occurred after the last vibrotactile pulse.
Because we hypothesized that speech processing employs
neural oscillations, the phase of which is reset by the
tactile stimuli, we assumed that these oscillations would
disperse and hence decay in amplitude after the last vibro-
tactile pulse.
We therefore described the time dependence of both

the behavioral as well as of the electrophysiological

Figure 3. EEG responses to the audiotactile stimulation. (A) The EEG responses evoked by the vibrotactile pulses suggest a source in the left
somatosensory cortex (average over all audiotactile conditions, time is relative to the first pulse). (B) The EEG signal in a response to a single
vibrotactile pulse. This was obtained by averaging the individual responses to each of the five pulses together and showed a clear left-lateralized
response in the somatosensory area. (C) The global field power (GFP), that is, the average power in the EEG signal across all electrodes, evidenced a
decay in the amplitude between the first and the last pulse (black line, mean; black shading, standard error of the mean). (D) The EEG signal in
response to the syllable in the audio-only condition, with time measured relative to the syllable onset, showed two peaks, a first at 93 msec and a
second at 207 msec.
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Figure 4. EEG markers of
audiotactile integration. (A) A
map of the different scalp areas
and associated frequency bands
for which we assessed potential
differences in the neural
response in the audiotactile
conditions to that in the audio-
only condition. (B) A threshold-
free cluster enhancement
method applied to EEG data in
the theta band and in the right
temporal area as a function of
time and frequency showed a
significant signal around a lag
of 200 msec and around a
frequency of 6 Hz. The lag
was measured with respect
to the onset of the syllable.
Insignificant p values are shown
in black. (C) Results from
the threshold-free cluster
enhancement for the theta-
band in the right temporal area
as a function of EEG channels at
the maximum given by the
previous graph (B). (D) The
power in the EEG signals at
6 Hz in the right temporal area as a function of the postsyllable lag for different audiotactile lags. A maximum occurred at a postsyllable lag of
200 msec. The value of the EEG power at this lag, indicated by the colored disks, was subsequently used as an electrophysiological marker of
audiotactile integration.

Figure 5. Dependence of behavioral and electrophysiological results on the audiotactile lag and on each other. (A) The dependence of the syllable
discrimination scores (box plots, disks show results from individual participants) on the audiotactile lag could be modeled as a damped oscillation
(red line). (B) Similarly, the dependence of the electrophysiological marker of audiotactile integration, the neural audiotactile gain (box plots, disks
show results from individual participants), on the audiotactile lag could be fitted by a damped oscillation (red line). (C) The behavioral and the neural
measure were correlated with each other across the different participants and experimental conditions (red line). The average value for each
audiotactile lag is shown as a colored disk.
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quantity through a damped oscillation. We chose an oscil-
lation at a frequency of 6 Hz, the one at which the neural
response was observed, to display audiotactile gain. The
other parameters of the damped oscillations were fitted
to the data. We obtained a significant fit with a phase shift
of −1.27 rad and a decay time of 166 msec ( p < 1e − 6,
R2 = .358; Figure 5A). The first and second peaks of the
fitted curve occur at 31 msec and 197 msec after the last
vibrotactile pulse, respectively.

We analogously fitted the time dependency of the neu-
ral audiotactile gain through a dampened oscillation with a
frequency of 6 Hz. We obtained a phase shift of−1.26 rad,
and a decay time of 116 msec ( p = .027, R2 = .078;
Figure 5B). The first and second peaks of the obtained
curve emerged at delays of 27 msec and 193 msec after
the last pulse, very similar to those obtained for the sylla-
ble recognition score.

Correlation between Behavior
and Electrophysiology

Because of the similar time dependencies of the behav-
ioral and the neural measure, we wondered if both
measures were correlated. We found that the quantities
displayed a significant correlation (r = .33, p = .0085,
power = 0.75; Figure 5C).

DISCUSSION

Wehave shown that rhythmic tactile stimulation can signif-
icantly improve the recognition of a subsequently
presented syllable. The improvement occurred when the
syllable started 200 msec after the last vibrotactile pulse.
Moreover, we identified an electrophysiological marker
of the audiotactile integration, namely, the power in the
theta frequency band, around 6 Hz, in the right lateral
temporal channels and at a delay of 200 msec after the
onset of the syllable.

We could furthermore model the time dependency of
the syllable recognition score as well as of the neural
marker of audiotactile integration through a damped oscil-
lation. Both model fits showed a similar time course, and
we found indeed that the behavioral and the neural mea-
sure were directly correlated with each other. Given the
absence of an auditory rhythm by speech, the oscillatory
activity in response to the tactile rhythm can only be attrib-
uted to intrinsic brain oscillations. These results thus help
in disentangling the intrinsic brain oscillatory activity from
the regularity of speech stimuli.

Regarding this intrinsic rhythm, our working hypothesis
was that the brain acted similarly to an oscillator with a
characteristic frequency. Therefore, although we used a
tactile stimulation at 5 Hz, any frequency close to the char-
acteristic frequency of the oscillator it should in principle
also entrain the network.

Syllable Discrimination Score

The syllable discrimination score in the audiotactile condi-
tions was statistically different from that in the audio-only
condition at a single audiotactile lag, namely, 200 msec. At
this delay, the tactile stimulation resulted in a significant
improvement in the syllable recognition.
This finding contrasts with previous studies on audio-

tactile integration regarding syllable recognition, where
the effect was found to be restricted to a 50-msec temporal
window when the tactile stimulation preceded the audio
signal (Gick, Ikegami, & Derrick, 2010). However, it
should be pointed out that this experiment focused on
tactile stimuli through a puff of air and how it influenced
the perception of syllables with different timing of
aspiration (“ba” vs. “pa”). In our experiment, we used
vibrotactile pulses that did not carry such information
and therefore focused on modulating a rhythm of time
windows at which speech processing was more or less
effective.
It should also be noted that in related previous articles,

the puff of air had an asymmetrical effect on the discrimi-
nation between two similar syllables (Gick et al., 2010;
Gick & Derrick, 2009). In our case, we did not observe
that the recognition of syllables differed between the
different considered syllables, in either of the experi-
mental conditions. Moreover, no condition significantly
decreased the syllable discrimination scores. The lack of
an adverse effect of the tactile stimulation may aid the
application of tactile information in multisensory audi-
tory prosthetics.
Because the delay of 150msec between the onset of the

syllable and the last vibrotactile pulse did not yield a behav-
ioral effect, it appears that the tactile stimulation indeed
works in an oscillatory manner, setting up temporal win-
dows where behavior is improved and others where it
remains unaffected. A full description of these windows
will, in the future, require the consideration of additional
audiotactile lags, both shorter and longer than the ones we
have investigated here.

EEG Responses

To characterize the stimuli we used, we computed the
EEG responses to the tactile stimuli as well as to the sylla-
ble. The response to the vibrotactile pulses agreed with
that found in previous work using the same pulse wave-
form for somatosensory stimulation, with a strong early
response at 48 msec (Guilleminot & Reichenbach, 2022).
For repeated vibrotactile events, the EEG response
decreased in amplitude, which might be caused by
short-term synaptic depression (Benita, Guillamon, Deco,
& Sanchez-Vives, 2012). Similarly to previous work on tac-
tile ERPs, we found that the somatosensory-evoked EEG
response occurred on the left hemisphere, contralaterally
to the location of the right hand to which the tactile stimuli
were presented (Yang, Jin, Lee, Jeong, & An, 2018).
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The EEG response to the syllable presentation exhibited
a strong early peak at a delay of 93msec and a later one at a
delay of 207 msec with respect to the onset of the syllable.
Given its latency, we can associate the first peak to early
acoustic representation (Salmelin, 2007). The topography
of the first peakwas symmetrical between the left and right
hemispheres and suggested an equal contribution from
both parts, which is coherent with the asymmetric sam-
pling in time hypothesis (Poeppel, 2003). Given its
latency, the second peak can in principle either corre-
spond to semantic or phonological information (Salmelin,
2007). However, because of the absence of semantic con-
tent of the stimuli and the noise-induced latency we
expect to observe in auditory ERPs (Bidelman, Bush, &
Boudreaux, 2020), this second peak presumably reflects
the phonological information in the stimulus. Moreover,
its topography was in contrast to that of the first peak,
asymmetrical, which is still in line with the asymmetric
sampling in time hypothesis, and indicated more right-
lateralized activity. This experiment did not measure
speech comprehension per se, but rather syllable discrim-
ination. Such a syllable needs, to be properly processed, to
first be parsed properly. In natural speech, this parsing
process relies on the theta rhythm (Giraud & Poeppel,
2012), which is more prominent in the right auditory cor-
tex (Morillon, Liégeois-Chauvel, Arnal, Bénar, & Giraud,
2012; Poeppel, 2003). Although here we have only used
single isolated syllables, the brain may still carry out a sim-
ilar parsing process. It should be noted that an alternative
explanation for the lateralization of the EEG response lies
in the stimuli we were using. Indeed, the syllables we were
using only differed by whether their consonants were
voiced or unvoiced. This ability to discriminate voicing-
cue is typically attributed to the right hemisphere (Simos,
Molfese, & Brenden, 1997).

Neural Marker of Audiotactile Integration

Using a cluster method, we uncovered a neural marker of
audiotactile integration that was also correlated to the
behavioral measure. Clustering methods allow for power-
ful analysis but the interpretation of the obtained results is
not straightforward (Sassenhagen & Draschkow, 2019).
Indeed, a lot of variability has been observed in the bound-
aries of clusters, making exact inferences about the”
shape” (location, latency, and frequency range) of the
cluster unreliable. Therefore, instead of computing all
clusters over the whole sets of parameters, we restricted
the analysis to certain EEG channels, frequency bands,
and timewindows from certain ROIs. By doing so, our con-
clusions do not rely on the exact boundaries of the output
cluster but rather on predefined sets established by our
working hypotheses. Once a cluster has been established
in one of those predefined space–time–frequency regions,
we simply reduced the cluster to a maximum point, thus
getting rid of the notion of cluster boundaries of the clus-
ter and reducing the result space to a single point for later

analysis. As a downside of this approach, we had to per-
form a relatively high number of comparisons to explore
several hypotheses, requiring adequate correction for
multiple comparisons.

We nonetheless obtained a significant response for
audiotactile integration that was located in the right lateral
area and contained the power in the theta band. This find-
ing accords with previous work on the theta population in
the right auditory cortex, confirming that our task of sylla-
ble recognition relied on syllable tracking and that tactile
stimulation did indeed affect this process (Poeppel, 2003).
None of the other hypotheses yielded significant results.
In particular, the absence of effect of the delta band are
coherent with the roles typically associated with it, as no
element of syntax or semantic was involved. Moreover, it
has been observed thatmotor delta activity played a role in
speech perception (Morillon, Arnal, Schroeder, & Keitel,
2019). The absence of effect therefore hints at the fact that
either this process does not come into play for syllable dis-
crimination or the motor activity in the delta band has not
beenmodulated by our vibrotactile pulses. As for the alpha
band, the absence of audiotactile response would indicate
that the behavioral results we have observed was not
because of an attentional modulation effect, hinting
instead at a purely bottom–up effect.

The neural marker of audiotactile integration occurred
at a delay of 200 msec after the syllable onset, which coin-
cides with the second peak of the auditory ERP, thus indi-
cating a direct effect on phonetic information processing.
We also note that only one audiotactile condition, the one
with a delay of 200 msec, yielded a significant neural gain.
This delay is in line with our hypothesis that the vibrotac-
tile pulses reset the phase of ongoing theta oscillations, in
a similar way as tACS may entrain endogenous brain oscil-
lations (van Bree et al., 2021). The audiotactile gain in
theta activity therefore depended on the alignment
between the tactile and the audio signals, as we observed
before in related work (Guilleminot & Reichenbach,
2022). This finding might reflect the phenomenon of
supra-additivity, which may occur when theta oscillations
become entrained by the tactile stimulation and are in phase
with the syllable (Stevenson et al., 2014). Moreover, it
should be noted that no multisensory activity has been
detected in the case of the lowest audiotactile lag, thus dis-
carding the possibility that the observed effect is because of
contamination by the somatosensory ERP. In addition,
although theGFP of the irregular condition (Figure 4D) pre-
sents a later maximum at 400 msec, which was not present
for the other condition, the negative results from the cluster-
ing prevents us from commenting more on this result.

Damped Oscillation

We were able to describe the time dependency of the
behavioral measure and the neural marker of audiotactile
integration through damped oscillations. This result hints
at the tactile phase reset we hypothesized. Moreover, both
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modeled dependencies exhibited similar temporal
dynamics. They both presented a phase shift of about
−1.16 rad, that is, with a first maximum occurring shortly
after the last vibrotactile pulse. This suggests that the
largest enhancement of syllable recognition would occur
if the syllable started just slightly after the last vibrotactile
pulse, in accordance with past work on the participant
(Guilleminot & Reichenbach, 2022). This suggests that
the window of enhanced syllable processing does not coin-
cide exactly with the tactile event. Rather, the vibrotactile
pulse may open up a series of windows of attention for
upcoming events, defined by a theta oscillation. In addition,
the decay times for both behavioral and electrophysiologi-
cal model lied were on the same scale as a single oscillation.
This hints at an actually observable dissipation, as opposed
to a much longer decay time, that would hint at nondam-
pened oscillations.

In addition to the similarity of the obtained model fits,
we found that the syllable discrimination scores were
indeed correlated to the electrophysiological marker. This
reinforces the growing body of evidence that tactile stimuli
may modulate speech comprehension through phase
reset of endogenous sustained oscillations (van Bree
et al., 2021).

Conclusion

Our previous work on audiotactile speech revealed that
comprehension of ongoing speech could be modulated
through simultaneous tactile signals linked to the syllable
rhythm. The modulation depended in a sinusoidal
manner on the time difference between the vibrotactile
pulses and the perceptual centers of the syllables
(Guilleminot & Reichenbach, 2022). However, it was
unclear whether the effect of the tactile stimuli was
caused by a reset of ongoing neural oscillations or simply
reflected the rhythm set by the successive syllables in the
speech stream. Here, we limited the task to syllable dis-
crimination rather than speech comprehension. There-
fore, there was a single syllable and therefore no rhythm
established by preceding speech, thus isolating the effect
of the tactile stimulation. We demonstrated that estab-
lishing a tactile rhythm before presenting a single syllable
affected the recognition of that syllable, in a way that
could be described by a damped oscillation. A neural
marker of the audiotactile integration was found in the
theta frequency range, linked to the rate of syllables in
continuous speech, and displayed a similar temporal
behavior. Together, these results highlight the impor-
tance of theta rhythm in syllable perception and are
consistent with the hypothesis that tactile signals aid
comprehension through resetting the phase of ongoing
cortical oscillations in the theta range.
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