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ABSTRACT

Humans have the ability to mentally examine speech. This covert form of speech pro-
duction is often accompanied by sensory (e.g., auditory) percepts. However, the cognitive
and neural mechanisms that generate these percepts are still debated. According to a
prominent proposal, inner speech has at least two distinct phenomenological components:
inner speaking and inner hearing. We used transcranial magnetic stimulation to test
whether these two phenomenologically distinct processes are supported by distinct neural
mechanisms. We hypothesised that inner speaking relies more strongly on an online
motor-to-sensory simulation that constructs a multisensory experience, whereas inner
hearing relies more strongly on a memory-retrieval process, where the multisensory
experience is reconstructed from stored motor-to-sensory associations. Accordingly, we
predicted that the speech motor system will be involved more strongly during inner
speaking than inner hearing. This would be revealed by modulations of TMS evoked re-
sponses at muscle level following stimulation of the lip primary motor cortex. Overall, data
collected from 31 participants corroborated this prediction, showing that inner speaking
increases the excitability of the primary motor cortex more than inner hearing. Moreover,
this effect was more pronounced during the inner production of a syllable that strongly
recruits the lips (vs. a syllable that recruits the lips to a lesser extent). These results are
compatible with models assuming that the primary motor cortex is involved during inner
speech and contribute to clarify the neural implementation of the fundamental ability of
silently speaking in one's mind.

© 2023 Published by Elsevier Ltd.

* This is the preprint of a Stage-2 registered report. The Stage-1 version of this manuscript received in-principle acceptance at Cortex

and is available at https://osf.io/zcujn.

* Corresponding author. Laboratoire de Psychologie Cognitive, AMU & CNRS (UMR 7290), France.
E-mail address: ladislas.nalborczyk@gmail.com (L. Nalborczyk).

https://doi.org/10.1016/j.cortex.2023.09.007
0010-9452/© 2023 Published by Elsevier Ltd.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.cortex.2023.09.007&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cortex.2023.09.007&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cortex.2023.09.007&domain=pdf
https://osf.io/zcujn
mailto:ladislas.nalborczyk@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cortex.2023.09.007&domain=pdf
www.sciencedirect.com/science/journal/00109452
www.elsevier.com/locate/cortex
https://doi.org/10.1016/j.cortex.2023.09.007
https://doi.org/10.1016/j.cortex.2023.09.007
https://doi.org/10.1016/j.cortex.2023.09.007

162 CORTEX 169 (2023) 161—173

1. Introduction

Rehearsing a conversation, preparing a public talk, or reading
a novel are routine mental activities that are usually accom-
panied by an inner voice (Levine et al., 1982; Morin, 2012;
Perrone-Bertolotti et al., 2012; Petkov & Belin, 2013; Sokolov,
1972). This inner voice feels like speech was produced or
heard internally (e.g., Hurlburt & Heavey, 2015). In other
words, it involves a conscious multisensory (e.g., auditory,
kinaesthetic) experience (for reviews, see Alderson-Day &
Fernyhough, 2015; Perrone-Bertolotti et al., 2014). Although
commonly described as a unitary construct, inner speech may
be better defined as a collection of distinct but related
phenomenological experiences (e.g., Hurlburt, 2011; Hurlburt
& Akhter, 2006). According to Hurlburt (2011), it is possible to
distinguish the phenomenon of inner speaking from the phe-
nomenon of inner hearing, whose feelings would be similar to
talking in a tape recorder and hearing one's voice played back,
respectively (Hurlburt et al., 2013)." The present research aims
at better understanding the origins of the voice we experience
during inner speaking and inner hearing, that is, the neuro-
cognitive mechanisms through which it arises.

Stemming upon classical models of motor control,
Leevenbruck et al. (2018) presented a predictive model of wilful
(expanded) inner speech production (i.e., inner speaking). In this
model, the auditory and kinaesthetic sensations perceived
during inner speech are thought to be the predicted sensory
consequences of (a copy of) inhibited speech motor acts. More
precisely, these percepts are simulated by internal forward
models that use the efference copies issued from an inverse
model. According to this view, the primary motor cortex
would be involved during inner speech production, but its
output would be inhibited by prefrontal regions involved in
response inhibition, such as the right inferior frontal cortex or
the pre-supplementary motor area (Nalborczyk et al., 2022).
The model put forward by Levenbruck et al. (2018) predicts
that the primary motor cortex will be involved during inner
speaking, but it leaves unspecified the neural mechanisms
supporting inner hearing and whether they differ from those
supporting inner speaking.

According to the dual stream prediction model (Tian et al.,
2016; Tian & Poeppel, 2012, 2013), the sensory content of inner
speech is provided by two distinct processes. First, the sensory
content of inner speech may result from a motor simulation
prediction stream. In this view, inner speech would involve the
same mechanisms as overt speech production except that the
speech acts should be inhibited rather than executed (this
proposal is similar to the model of Levenbruck et al.,, 2018,
although see below differences regarding the involvement of
the primary motor cortex). Second, the sensory content of
inner speech may be provided by an associative memory-
based process called the memory-retrieval prediction stream

! The distinction between inner speaking and inner hearing
echoes previous distinctions such as the one between the gener-
ative component (i.e., the feeling of producing speech) and the
auditory component (i.e., the feeling of hearing speech) of inner
speech (e.g., MacKay, 1992) and the distinction between the inner
voice and the inner ear in working memory (e.g., Baddeley et al.,
1984; Buchsbaum & D’Esposito, 2019).

(Kosslyn et al., 1979; Moulton & Kosslyn, 2009; Tian & Poeppel,
2012). In this view, sensory percepts are motor-to-sensory
associations established during past events and directly
retrieved from long-term memory.?

The distinction between the motor simulation and
memory retrieval streams has been linked to the distinction
between inner speaking and inner hearing (e.g., Tian et al.,
2018; Tian & Poeppel, 2012, 2013). Using fMRI, Tian et al.
(2016) examined the neural correlates of articulation imag-
ery (inner speaking) and hearing imagery (inner hearing)
and observed that inner speaking more strongly recruits
brain areas belonging to the motor-estimation stream
whereas inner hearing more strongly recruits brain areas
belonging to the memory-retrieval prediction stream.
Moreover, these two imagery modes have been shown to
have distinct MEG correlates and distinct modulatory effects
on a subsequent /ba/-/da/ auditory categorisation task (Ma &
Tian, 2019).

Critically, in the dual stream prediction model, the pri-
mary motor cortex is considered to be “bypassed” when
producing inner speech (Tian et al., 2016; Tian & Poeppel,
2012, 2013). In comparison, the model introduced in
Levenbruck et al. (2018) and Grandchamp et al. (2019) pre-
dicts that the primary motor cortex is involved during inner
speech production. In essence, at least some forms of inner
speech may be accompanied by the emission of motor
commands that are subsequently inhibited by cortical and
subcortical mechanisms.

The hypothesis that inner speech involves motor inhibi-
tion is compatible with behavioural, lesional, and neuro-
imaging studies of motor imagery (for a review, see Guillot
et al.,, 2012). The involvement of the primary motor cortex
during inner speech and its partial inhibition by cortical and
subcortical mechanisms may explain the residual peripheral
muscular activity that is sometimes observed during inner
speech production (Jeannerod, 2006; Leevenbruck et al., 2018;
Nalborczyk, 2019). Another example is the observation that
inner speech is accompanied by an increase in tongue motor
excitability, compared to rest or to an auditory speech
perception condition (Maegherman et al., 2020). If the dual
stream prediction model is correct in that the primary motor
cortex is “bypassed” during inner speech, neither inner
speaking nor inner hearing should increase the involvement
of the primary motor cortex. In contrast, if the motor control
view is correct in that the primary motor cortex is involved
(but actively inhibited by cortical and subcortical mecha-
nisms), inner speaking should be accompanied by an increase
in motor cortex excitability.

Transcranial magnetic stimulation (TMS) has been used
to probe the involvement of the motor system in speech
production and perception (for a review, see Devlin &
Watkins, 2007). Single TMS pulses can be applied to the

2 The distinction between these two prediction streams is
reminiscent of the distinction between the prediction-by-
simulation and the prediction-by-association mechanisms in
speech production and perception (Pickering & Garrod, 2013) and
was previously discussed in more depth in Li et al. (2020), Ma and
Tian (2019), Nalborczyk (2019), Nalborczyk et al. (2021), Tian and
Poeppel (2012), and Tian and Poeppel (2013).
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primary motor cortex to elicit motor evoked potentials
(MEPs) in the orofacial muscles. MEPs can be recorded using
surface electromyography (EMG). Their amplitude depends
on the state of the motor system: it is greater during muscle
contraction compared to rest. Therefore, MEP amplitude
provides a direct measure of motor excitability that can be
used to examine the involvement of the motor system during
speech production and perception (Mottonen et al., 2014). For
instance, seeing or hearing speech increases motor excit-
ability in a content- and effector-specific manner, in the
same way that observing hand movements does (e.g., Fadiga
et al., 2002; Watkins et al., 2003). Sub-cortically, however,
MEPs recorded from the orofacial muscles and those recor-
ded from the hand muscles originate from different motor
pathways. Whereas muscles from the face are innervated by
the corticobulbar pathway, muscles from the hand are
innervated by the corticospinal pathway, with direct conse-
quences on the shape and latency of MEPs. Indeed, MEPs
recorded over the orofacial muscles peak around 10—15 ms
after the pulse, whereas MEPs recorded over the hand mus-
cles peak around 20—25 ms after the pulse, because (amongst
other things) of the different lengths of the corticobulbar vs.
corticospinal tracts (Adank et al., 2018; Maegherman et al.,
2020; Mottonen et al., 2014).

We hypothesise that during inner speaking, sensory (e.g.,
auditory) percepts are mostly provided by a motor-to-
sensory simulation, whereas during inner hearing, sensory
percepts are mostly reconstructed from stored perceptual
information. Therefore, inner speaking should be accompa-
nied by an increase in motor cortex excitability evidenced by
larger MEPs recorded over orofacial muscles. Conversely,
inner hearing should be accompanied by a much reduced or
even absent increase in motor cortex excitability (hypothesis
#1). Our secondary hypothesis is that this increase in motor
cortex excitability is content-specific, as it is usually
observed in TMS studies of speech perception (e.g., Fadiga
et al., 2002; Watkins et al., 2003). We predict that lip motor
cortex excitability increases should be more pronounced
when covertly speaking a syllable that should strongly re-
cruit the lips (i.e., /bu/, hereafter referred to as a “rounded”
syllable) than when covertly speaking a syllable that should
recruit the lips to a lesser extent (i.e., /gi/, hereafter referred
to as a “spread” syllable) (hypothesis #2).

2. Methods

In the Methods and Data analysis sections, we report how we
determined our sample size, all data exclusions, all manipu-
lations, and all measures in the study (Simmons et al., 2012). A
pre-registered version of our protocol can be found on OSF:
https://osf.io/7kwvé/.

2.1. Ethics information

The present research complies with the French national ethics
regulation (agreement of CPP Sud Méditerranée I, ANSM na-
tional number 2017-A03614-49) and the Declaration of Hel-
sinki. All participants provided informed consent and
received a monetary compensation of 40€.

2.2. Design

The experimental design was fully within participants, with
two crossed two-level factors: inner speech mode (inner
speaking vs. inner hearing) and articulatory features (rounded
vs. spread syllables). The experiment also included control
trials during which we applied single-pulse TMS to assess
motor cortex excitability while participants were performing
an unrelated task. In these control trials, participants were
asked to imagine tapping with their ipsilateral foot (i.e., to
perform motor imagery of the foot; Fig. 1).

2.3. Procedure

2.3.1. Transcranial magnetic stimulation

Participants were familiarised with TMS before the training
session. We asked the participants to fill out a safety screening
form. Participants with contraindications for TMS (e.g.,
neurological disorders, medication, a family history of epi-
lepsy) were not included in the experiment. Afterwards, we
explained the details of the experiment to the participant and
obtained their written informed consent.

To ensure similar levels of muscle activation throughout
the experiment, we trained the participants to maintain a
baseline activity between 20 and 30% of their maximum
voluntary contraction. To find the location of the motor lip
representation on the contralateral primary motor cortex, we
followed the protocol described in Mottonen et al. (2014). We
first localised the motor hand representation with the hotspot
method, that is, by looking for the cortical site that elicits the
maximal MEPs at a given intensity. Then, we localised the lip
hotspot from the hand one, by keeping a minimal 5-sec break
between TMS pulses.

The active motor threshold was defined as the minimal in-
tensity necessary to elicit a lip MEP with a minimum peak-to-
peak amplitude of approximately 50 pV (as in Watkins et al,,
2003; Watkins & Paus, 2004) in five stimulations out of ten
(Rothwell et al., 1999). The intensity of the stimulator was then
set to approximately 120% of the active motor threshold during
the experimental session (this threshold was adjusted on a per-
participant basis to maintain confort throughout the experi-
ment, cf. supplementary materials). As in Maegherman et al.
(2020), we used a figure-of-eight coil placed around a 45°
angle relative to the sagittal plane, inducing a posterior-to-
anterior current flow, approximately perpendicular to the
lateral fissure. The position of the TMS coil relative to cortex
was continuously tracked and maintained throughout the
experiment using a neuronavigation system (Navigation Brain
System, Nexstim, Helsinki, Finland). A standard MRI image was
used for the neuronavigation. All TMS pulses were monophasic
and generated by a Magstim 200 device. The average active
motor threshold was of 59.87% (ranging from 46% to 74%,
SD = 7.83) (expressed as a percentage of maximum stimulator
output).

2.3.2.  Surface electromyography

EMG activity of the (right section of the) orbicularis oris (OO)
muscle and the abductor pollicis brevis (APB) muscle of the
right hand was recorded bipolarly with surface electrodes
connected to a 16-channel amplifier (BrainAmp ExG with eight
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1min resting period between each block

Training block 2
20 IS trials and
20 IH trials
(first 20 trials
without
stimulation)

Training block 1
20 speaking

Finding the lip
hotspot + aMT

determination frials and 20

hearing trials

safety screening

0)

bou
%
o

)
' foot-tapping (control)

Syllable: “bou” vs. “gui” (or ###)

Total trial duration = 6200ms

Inter pulse interval varying between 5000 and 7400ms

Block 1

8 baseline trials
+161S+16H

Block 2 Block 3

Block 4
8 baseline trials
+161S+16H

Block 5
8 baseline trials
+161S+ 16 H

8 baseline trials
+161S+ 16 H

8 baseline trials
+161S +16 IH

TMS pulse occurs
either on the 4th, 5th,
6th, or 7th green cross

Fig. 1 — A. Experimental procedure. The main experimental part (post-training) involved 5 blocks of 40 trials each. aMT:
active motor threshold, IS: inner speaking, IH: inner hearing. B. Illustrated timecourse of a single trial.

bipolar and eight auxiliary channels, Brain Products Com-
pany, Gilching, Germany) at a sampling rate of 5 kHz. Using
alcohol, we cleaned the skin on the right section of the OO,
above the belly of the APB muscle, as well as the skin around
the site of the ground electrode placed on the right temple. We
then attached electrodes on these sites. We visually checked
the recorded EMG signals. If the signals appeared to be noisy,
we re-cleaned the skin and re-attached the electrodes. After
data collection, we computed the area-under-the-curve (AUC)
of the rectified EMG signal. The covered area was taken as an
index of the MEP size (Maegherman et al., 2020). In each trial,
the MEP AUC was computed in a window spanning from 8 to
35 ms after the TMS pulse. As in Maegherman et al. (2020), a
pre-pulse section of 27 ms (i.e., from 35 to 8 ms before the
pulse) was extracted to allow a posteriori checks of equivalent
baseline contraction across conditions.

2.3.3. Training blocks

Training was composed of two blocks. In the first block, par-
ticipants were trained to either produce (overtly) or to listen to
a syllable for a 2-sec period at a 2.5Hz pace (20 hearing and 20
speaking trials; Fig. 1). First, a syllable was presented on
screen for 1s. In speaking trials, participants had to repeatedly
utter this syllable at 2.5Hz for 2 s. The 2.5Hz pace was cued by
the display of a green cross on the screen. In hearing trials,
participants were asked to listen to recordings of two native
French speakers uttering the target syllables at a 2.5Hz pace.
The syllables were chosen to induce a stronger involvement of
the orbicularis oris muscle or of the zygomaticus muscle (i.e.,/
bu/vs./gi/, respectively). At the end of this first training block,
participants were given earplugs to reduce the discomfort
caused by the TMS click sound (Counter et al., 1991).

In the second training block, participants were familiarised
with the phenomenological contrast between inner speaking
and inner hearing conditions. In the inner speaking condi-
tions, participants had to imagine speaking the syllables “in
their mind” without moving the speech effector and without
producing any sound (as in Tian et al.,, 2016). In the inner
hearing conditions, participants had to recreate in their minds
the voice from the hearing trials used in the first training
block, while also minimising the feeling of movement in their
speech effectors (as in Tian et al., 2016).

It should be noted that Tian and Poeppel (2012), Tian and
Poeppel (2013), and Tian et al. (2016) use different definitions
of inner speaking and inner hearing than Hurlburt et al.
(2013). For the former, inner speaking refers to the act of
silently (mentally) talking to oneself from the first perspec-
tive, with one's own perceived voice, whereas inner hearing
refers to the act of imagining hearing speech, produced with
the voice of someone else (sometimes designated as auditory
verbal imagery). When defined in these terms, the distinction
between inner speaking and inner hearing may be consid-
ered as the “speech analogue” of the distinction between
first-person and third-person motor imagery in the motor
imagery literature. As noted by Alderson-Day
Fernyhough (2015), however, this operationnalisation of the
phenomena of inner speaking and inner hearing makes it
difficult to distinguish between the influence of the
perspective and the distinction between inner speaking and
inner hearing per se. While we acknowledge this limitation,
we decided to use this operationnalisation of inner speaking
and inner hearing in order to compare the results of the
present study to those of previous studies (e.g., Tian et al.,
2016; Tian & Poeppel, 2012, 2013).

and
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2.3.4. Experimental protocol

The timing of trials was identical across conditions (Fig. 1). In
each trial, the target syllable (i.e.,/bu/vs./gi/, written as “bou”
vs. “gui”), together with a pictogram indicating whether the
participant should generate inner speaking, inner hearing, or
foot-tapping imagery, was displayed for 2000 ms. We used a
pictogram that does not directly refer to the effector targeted
by the TMS pulse to avoid automatic activation of the corre-
sponding effector (see Fig. 1). Then, a green cross appeared at
the center of the screen every 400 ms (i.e., at a 2.5Hz pace) for
3200 ms. Participants were instructed to start producing the
syllable at the appearance of the first green cross, and to keep
repeating it in rhythm with the appearance of the green cross
(i-e., every 400 ms). In all three task conditions, the TMS pulse
exactly occurred exactly on the fourth, fifth, sixth, or seventh
green cross. We decided to vary the occurrence of the TMS
pulse to maintain the participant's attention on the task
throughout the experiment and to reduce the predictability of
the pulse's occurrence. At the end of each trial, the last (i.e.,
eighth) green cross was followed by a blank screen presented
for 1000 ms. This procedure resulted in inter-pulse-intervals
varying between 5000 ms and 7400 ms.

The main experimental part (post-training) consisted of five
blocks of 40 trials each, yielding a total of 200 trials/MEPs per
participant (40 control trials, 80 inner speaking trials: 40 /bu/
and 40 /gi/, and 80 inner hearing trials: 40 /bu/ and 40 /gi/). The
order of trials within each experimental block was randomised
across participants. Each block was followed by a 1min resting
period. Finally, participants had to fill out the Movement Im-
agery Questionnaire-3 Second French version (Robin et al,
2020). The experimental procedure was developed using the
PsychoPy software (Peirce et al., 2019). Participants were then
fully informed about the theoretical rationale for the study and
compensated for their participation.

2.4. Sampling plan

To define the number of participants, we conducted a
Bayesian a priori power analysis, where “statistical power” is
to be understood in its general meaning, that is, the proba-
bility of achieving some statistical goal (Kruschke, 2015). We
simulated data (see the supplementary materials for more
details) by varying the number of participants (from 20 to 50)
and the number of trials in each condition per participant (30
vs. 60). We were interested in the probability of detecting two
effects: i) the main effect of the inner speech mode, that s, the
difference between the average MEPs in the inner speaking vs.
inner hearing conditions (60 trials in each condition), and ii)
the effect of the type of syllable, that is, the difference be-
tween the average MEPs for/bu/vs./gi/trials within the inner
speaking condition (30 trials in each condition).

The null hypothesis (i.e., no difference between conditions)
requires more observations to be corroborated than the
alternative hypotheses of small, medium, or large effects (e.g.,
Schonbrodt et al., 2017; Schonbrodt & Wagenmakers, 2018).
Therefore, we decided to plan for a null effect to obtain a
conservative estimate of the number of observations and
participants needed to detect all sorts of effects, from null to
large. This analysis revealed that, with 30 or more observa-
tions per participant and per condition, we needed at least 30

participants to reach a probability equal or superior to 0.9 of
obtaining a Bayes factor (BF) equal or superior to 10 in favour
of the null hypothesis. The detailed resulting power curve and
the reproducible code used to conduct this analysis are
available in the online supplementary materials.

2.5. Participants

In accordance with our power analysis, we recruited 31
French-speaking undergraduate students in Psychology from
Aix-Marseille University, ranging in age from 18 to 27 years
(M = 20.42, SD = 1.85, 29F, 2M), with no reported history of
psychiatric or neurological disorder, speech disorder, or
hearing deficit.

2.6.  Analysis plan

All analyses were conducted in R (R Core Team, 2021). We
fitted several Bayesian multilevel models using the brms
package (Birkner, 2017) with two categorical predictors
(recoded using sum contrasts as —0.5 vs. 0.5): the inner speech
mode (i.e., inner speaking vs. inner hearing), the syllable (i.e.,/
bu/vs./gi/), and the AUC of the lip MEP as a continuous
dependent variable (for an introduction to Bayesian multilevel
modelling, see Nalborczyk et al., 2019). For each effect of in-
terest, we report the mean of the posterior distribution along
with its 95% credible interval, as well as the mean of the
posterior distribution of the standardised mean difference
(Cohen's d) with its 95% credible interval, when appropriate
(i.e., when comparing two conditions). We also report the
Bayes factor (BF), which quantifies the relative support (evi-
dence) for either the null or the alternative hypothesis (e.g.,
Wagenmakers, 2007). Data collection and analysis were not
performed blind to the conditions of the experiments.

We tested for differences in baseline background contrac-
tion across conditions per participant. If this test revealed a
difference (i.e., a BF;p > 10), we applied the common range
correction (as in Spieser et al., 2013; method adapted from
Schieppati et al., 1996). This method consists in removing
trials below the maximum value of minimum values across
conditions and trials above the minimum value of maximum
values across conditions, per participant. After removing
these trials, we then tested again for a difference. If there still
was a difference in baseline across conditions, we removed
this participant from the subsequent analyses. If there was no
difference across conditions, and if there were at least 20 trials
per condition left for this participant, we kept it in the sub-
sequent analyses. If the common range procedure removed
more than 20 trials per condition and participant, we applied
another procedure in which all trials are kept, consisting in
including the background contraction level as a continuous
predictor in the statistical models.

It should be noted that we finally opted for the latter
approach, which gave similar results as the former one, with
the advantage of not discarding the data crossing an arbitrary
threshold, and therefore resulting in more precise estimates.
More precisely, we added the (per-participant) level of back-
ground EMG activity (its standardised AUC) as both a fixed and
a random effect in the model (cf. the model formula on page 5
of the supplementary materials, reproduced in a simplified
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format below) (the detailed code is also available in the
Rmarkdown file of the manuscript): post ~ 1 + mode *
syllable + pre + (1 + mode * syllable + pre | participant). Given
this formulation, estimates of the model should be interpreted
at the per-participant average level of background EMG
contraction (i.e., the pre variable). In other words, estimates
from this model can be interpreted in the following way:
“Given (conditionally on) the level of background EMG
contraction, what is the (additional/remaining) effect of mode,
syllable, and their interaction mode:syllable?”. For complete-
ness, analyses performed using the common range procedure
are also reported in the online supplementary materials.

The first MEP in each block was removed because it is
usually much larger than those that follow. As noted by
Mottonen et al. (2014), it is not always possible to record robust
lip MEP when the lips are “relaxed”. Therefore, we pre-
registered that we would report the number of participants
in which the experiment could not be carried out (i.e., par-
ticipants for which the stimulation was discomfortable and
participants in which we could not elicit MEPs). Fortunately,
this did not happen and no participant was discarded from the
analyses for this reason.

3. Results

This section is divided into two parts. First, we present results
from confirmatory (preregistered) analyses, aiming to test the
difference in MEP amplitude between inner speaking and
inner hearing (hypothesis #1) and the difference between the
/bu/ and /gi/ syllables in the inner speaking conditions (hy-
pothesis #2). Second, we present results from exploratory
(non-preregistered) analyses, including an assessment of
inter-individual differences in the two effects of interest, an-
alyses of the relation between these effects and self-reported
motor imagery skills, and analyses of the cortical silent
period.

As predicted, inner speaking was associated with larger
MEPs than inner hearing (hypothesis #1), and the mental
production of the/bu/syllable was associated with larger MEPs
than the mental production of the/gi/syllable in the inner
speaking condition (hypothesis #2). However, this syllable
effect was not specific to inner speaking (i.e., there was no
evidence for an interaction effect between inner speech mode
and syllable). Using a model comparison approach, we further
demonstrated that these two effects were in the same direc-
tion in all participants.

3.1 Confirmatory (preregistered) analyses

Before moving to the statistical results, we represent the dis-
tribution of standardised MEP amplitudes across conditions in
Fig. 2. This figure shows that the MEP amplitude recorded in
the two inner hearing conditions was at similar levels as those
recorded in the control condition. Conversely, MEPs were
larger in the two inner speaking conditions. Moreover, MEPs
were larger for the /bu/ syllable than for the /gi/ syllable.

To estimate these effects while accounting for the skewness
of the collected data (for more details, see the online supple-
mentary materials), we fitted a multilevel Skew-Normal model.

The Skew-Normal distribution is a generalisation of the Normal
distribution with three parameters ¢ (xi), » (omega), and «
(alpha) for location, scale, and skewness (shape), respectively.
Estimates from this model regarding the location parameter are
reported in Table 1.

First, notice that the effect of background (i.e., pre-pulse)
EMG activity (i.e., the pre variable) was strongly positive
(8 = 0.799, 95% Crl [0.695, 0.907], BF1o = 10 x 10%), indicating
that, on average, higher levels of background EMG activity
were associated with larger MEPs. This phenomenon is well
known and stresses again the importance of including the
level of background EMG activity in the model when esti-
mating the effect of the other variables of interest (here, the
effect of inner speech mode, the effect of the syllable, and
their interaction).

Regarding hypothesis #1 (i.e., the difference between inner
speaking and inner hearing), this analysis revealed that MEPs
were larger in the inner speaking than in the inner hearing
conditions (8 = 0.103, 95% CrI [0.054, 0.151], BF, = 59999) and
larger for the/bu/than for the/gi/syllable (8 = 0.078, 95% CrI
[0.032, 0.124], BF, = 1845.154).> There was weak evidence in
favour of a null interaction effect (8 = 0.033, 95% CrI [-0.07,
0.136], BF o = 0.064).

Regarding hypothesis #2 (i.e., the difference between the/
bu/and/gi/syllables in the inner speaking conditions), a
contrast analysis revealed that there was strong evidence for
larger MEPs during inner speaking of the /bu/ syllable than
during inner speaking of the /gi/ syllable (8 = 0.094, 95% CrI
[0.035, 0.154], BF, = 213.286).

3.2. Exploratory (non preregistered) analyses

In this section, we report the results of exploratory (i.e., non-
preregistered) analyses. With these analyses, we aimed at
assessing i) the variability of the observed effects across par-
ticipants, ii) the impact of self-reported motor imagery abili-
ties, and iii) potential differences between conditions in the
duration of the cortical silent period (CSP), taken as an index of
intracortical inhibition.

3.2.1. Inter-individual differences

Although group-level effects were small, they were remark-
ably stable across participants. We followed a model com-
parison approach that incorporates various constraints into
Bayesian multilevel models (Haaf & Rouder, 2017; Rouder &
Haaf, 2019) to test whether the estimated (true) effects were
in the same direction for all participants (see also Van Geert
et al., 2022, for a recent application). More precisely, we
compared the evidence for a model that does not place any
constraints on the participants' true effect (hereafter the
“unconstrained” model) with the evidence for a model that
constrains true participants’ effect to have a particular sign
(hereafter the “positive effects” model). The Bayes factor
comparing the likelihood of the observed data under these
two models was 127.25 (inverse BF = 0.008) for the effect of
inner speech mode, indicating that the observed data were

% For one-sided hypotheses, BF, represents the ratio of the
posterior probability of the effect being positive and the posterior
probability of the effect being negative.
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Standardised MEP amplitude (AUC)

Control

Inner hearing

Inner speaking

Fig. 2 — Average standardised MEP amplitude across conditions. Each dot represents a participant's median AUC computed
across 40 trials per condition. The dashed grey horizontal line represents the group's median AUC in the control (imagined

foot-tapping) condition.

127.25 more likely under the positive effects model than under
the unconstrained model.

The Bayes factor comparing the likelihood of the observed
data under the positive effects model and under the uncon-
strained model was 132.47 (inverse BF = 0.008) for the effect of
the syllable, indicating that the observed data were 132.47
more likely under the positive effects model than under the
unconstrained model. The Bayes factor comparing the likeli-
hood of the observed data under the positive effects model
and under the unconstrained model was 9.426 (inverse
BF = 0.106) for the interaction effect, indicating that the
observed data were 9.426 more likely under the positive ef-
fects model than under the unconstrained model.

Fig. 3 illustrates individual-level estimates of each effect
based on the previously described Skew-Normal model.

Overall, these analyses suggest that all individuals show the
same effects of inner speech mode and syllable: inner
speaking led to larger MEPs than inner hearing, and mentally
producing the /bu/ syllable led to larger MEPs than mentally
producing the /gi/ syllable.

3.2.2. Impact of self-reported motor imagery abilities

To assess the impact of self-reported motor imagery abilities,
we created a set of additional regression models containing
either the score on each of the MIQ subscale (i.e., the internal
perspective score, the external perspective score, or the kin-
aesthetic score) or the total score. We then compared these
models using the Widely Applicable Information Criterion
(WAIC, Watanabe, 2010), a generalisation of the Akaike in-
formation criterion (Akaike, 1974). The WAIC provides a

Table 1 — Estimates from the multilevel Skew-Normal model regarding the location parameter.

Predictor Estimate SE Lower Upper Rhat BF1o BF,
mode 0.103 0.025 0.054 0.151 1.000 53.476 59999.000
syllable 0.078 0.024 0.032 0.124 1.000 5.645 1845.154
pre 0.799 0.054 0.695 0.907 1.000 10 x 10Y o
mode:syllable 0.033 0.052 —0.070 0.136 1.000 0.064 2.861

Note. The ’Estimate’ column represents the estimated group-level effect (slope) of each predictor included in the model (in terms of standardised
AUGs). The 'Lower’ and "Upper’ columns contain the lower and upper bounds of the 95% Crl, whereas the 'Rhat’ column reports the Gelman-
Rubin statistic. The last two columns report the BF in favour of the alternative hypothesis (relative to the null) and the directional (i.e., one-

sided) BF, respectively.
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Fig. 3 — Model-based estimates of each individual-level (i.e., 'random’ or ’varying’) effects, in descending order. Negative
estimates are highlighted in orange. The vertical blue dashed line represents the average effect. Panel A: Individual-level
effects of the inner speech mode (positive values being associated with larger MEPs during inner speaking). Panel B:
Individual-level effects of the syllable (positive values being associated with larger MEPs when producing the/bu/syllable).
Panel C: Individual-level interaction effects between inner speech mode and syllable. Positive values are associated with a
stronger syllable effect in the inner speaking condition (or symmetrically, a stronger effect of inner speech mode for the/bu/

syllable).

relative measure of predictive accuracy of the models (it is an
approximation of the out-of-sample deviance) and balances
underfitting and overfitting by sanctioning models for their
complexity (Burnham & Anderson, 2002; Burnham et al., 2011,
Hegyi & Garamszegi, 2011). These analyses revealed that the

rials for code details).

model with the lowest WAIC (i.e., the most parsimonious
model) was the model without any MIQ score, suggesting that
self-reported motor imagery abilities did not affect the previ-
ously described effects (see the online supplementary mate-
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Table 2 — Estimates from the multilevel Log-Normal model.

Predictor Estimate SE Lower Upper Rhat BF1o
mode 0.203 0.195 —-0.171 0.590 1.003 0.142
syllable 0.132 0.189 —0.232 0.515 1.003 0.099
mode:syllable 0.025 0.377 —-0.714 0.767 1.003 0.172

Note. The ’Estimate’ column represents the estimated effect (slope) of each predictor included in the model. The 'Lower’ and 'Upper’ columns
contain the lower and upper bounds of the 95% CrI, whereas the 'Rhat’ column reports the Gelman-Rubin statistic. The last column reports the
Savage-Dickey BF in favour of the alternative hypothesis (relative to the null).

3.2.3.  Analyses of the cortical silent period

The cortical silent period (CSP) refers to a period of TMS-
induced reduction in the EMG activity of a voluntarily con-
tracting muscle (for review, see Hupfeld et al., 2020). The
duration of the CSP is obtained by measuring the time interval
between the offset of the MEP and the restoration of EMG
activity. Overall, the duration of the CSP is considered to
reflect the levels of slow metabotropic postsynaptic GABAy-
mediated inhibition, occurring within the primary motor
cortex (Cardellicchio et al., 2020; Hallett, 2007; Moezzi et al.,
2018; Werhahn et al., 1999). Crucially, intracortical inhibition
has been suggested as one of the mechanisms preventing
motor execution during motor imagery (for review, see Guillot
et al., 2012).

To examine whether our different manipulations induced
different levels of intracortical inhibition, we analysed the
effect of inner speech mode (inner speaking vs. inner hearing)
and the effect of the syllable to be produced mentally (/bu/ vs.
/gi/) on the duration of the CSP (for more details on the
determination of the CSPs' duration, see the online supple-
mentary materials). To estimate these effects, we fitted a
multilevel Log-Normal regression model to the CSPs’ dura-
tions. Estimates from this model are reported in Table 2.
Overall, all effects were small and more likely to appear under
the null hypothesis than under the alternative hypothesis,
suggesting that levels of intracortical inhibition did not differ
across conditions.

4, Discussion

We investigated the neural processes involved in two forms of
inner speech: inner speaking and inner hearing. Based on
previous observations and on predictions of the dual stream
prediction model (Tian et al., 2016; Tian & Poeppel, 2012, 2013),
we assumed that inner speaking relies more strongly on a
motor simulation mechanism than inner hearing. Based on
the neurocognitive model of inner speech production devel-
oped in Leevenbruck et al. (2018) and Grandchamp et al. (2019),
we hypothesised that the motor simulation mechanism un-
derlying inner speaking would be indexed by increased levels
of cortical excitability during inner speaking as compared to
inner hearing (hypothesis #1). Given the involvement of motor
simulation during inner speaking, we further hypothesised
that the increase in cortical excitability during inner speaking
should reflect the phonetic features of whatis said (simulated)
mentally (hypothesis #2).

Overall, these predictions were corroborated by our data.
Even when controlling for pre-pulse EMG activity, we

observed that inner speaking was associated with larger MEPs
than inner hearing (hypothesis #1), and that the mental pro-
duction of the /bu/ syllable was associated with larger lip MEPs
than the mental production of the /gi/ syllable in the inner
speaking condition (hypothesis #2). However, this syllable
effect was also present during inner hearing (it was only
slightly stronger in the inner speaking condition, cf. Table 1),
although the average MEP amplitude during inner hearing was
not different from the average MEP amplitude in the control
condition. We further observed that the two effects of interest
pointed in the same direction for all participants (Fig. 3). These
results provide explicit constraints for current models of inner
speech production.

Our results are compatible with the distinction between
inner speaking and inner hearing, as postulated by the dual
stream prediction model. The stronger increase in cortical
excitability during inner speaking than inner hearing supports
the involvement of a motor simulation mechanism during
inner speaking, whose role would be to provide the sensory
content of inner speech (e.g., the inner voice). The stronger
involvement of the primary motor cortex duringinner speaking
is consistent with the observation that inner speaking is asso-
ciated with a stronger perceptual reactivation in auditory
cortices (Tian et al.,, 2016). Whereas the syllable effect was
stronger during inner speaking, it was nonetheless present
(non-null) during inner hearing (8 = 0.061, 95% CrI [0.005, 0.117],
BF, = 25.625). This result suggests that the motor simulation
stream may also be solicited during inner hearing, but to a
lesser extent than during inner speaking (consistent with the
results obtained by Tian et al., 2016).* By contrasting inner
speaking and inner hearing of non-speech sounds, Chu et al.
(2023) recently showed a clear dissociation in the involvement
of the motor-based and memory-based networks, further
supporting the distinction between these two processes.
Overall, our results are also compatible with the framework
recently provided by Pratts et al. (2023), in which inner speech
can be generated by two separate mechanisms similar to those
postulated by the dual stream prediction model, according to
the intentionality and egocentricity constraints of the task.

The dual stream prediction model grants a secondary role
to the primary motor cortex for inner speech, as it is consid-
ered to be “bypassed” during inner speech (Tian et al., 2016;
Tian & Poeppel, 2012, 2013). Our results contradict this view by

* A more trivial but unverifiable interpretation of this result is
that some trials contained inner speech performed in the incor-
rect mode. This would, as per our hypotheses, increase the
average AUC in inner hearing trials, or decrease it in inner
speaking trials, or both.
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showing that the primary motor cortex is involved during
inner speaking and that this involvement is modulated by
phonetic features. In contrast, our results are compatible with
the models developed in Levenbruck et al. (2018) and
Grandchamp et al. (2019), as well as other models of motor
imagery, such as Grush (2004), in which the role of the primary
motor cortex during inner speech is to issue motor commands
from which predictions of sensory consequences can be
subsequently computed (leading to the rich multisensory
content of inner speech). However, the observed increase in
M1 excitability could be due to various reasons, for example
strategically performing the imagery tasks by subliminally
executing the action. Moreover, our observations cannot
exclude the possibilities of upper motor pathways mediating
inner speaking. These questions can not be answered from
the present data and could be targeted in subsequent studies.
Nevertheless, the observed increase in M1 excitability revives
a classic crucial issue referred to as “the problem of inhibition
of execution” by Jeannerod (2001): Given the involvement of
the motor system in providing the multisensory content of
inner speech, how is it possible for inner speech not to lead to
motor execution?

Ithas been suggested that the subthreshold involvement of
the primary motor cortex may result from either a subliminal
activation or from active inhibitory mechanisms counter-
acting a supraliminal activation. Crucially, both options
require an explanation of how activity within the primary
motor cortex is maintained under the execution threshold.
Regarding the first mechanism, Bach et al. (2021) suggested
that the motor (execution) threshold may be “upregulated”
during motor imagery to prevent execution. How this would
be achieved or implemented however, is not specified
(Nalborczyk et al., 2023). Regarding the second mechanism,
supraliminal activation of the motor system could be coun-
terbalanced by parallel inhibitory signals (e.g., Berthoz, 1996;
Bonnet et al.,, 1997; Jeannerod, 1994, 2001). Recent behavioural
results obtained using an action-mode switching paradigm
support the hypothesis of parallel inhibitory mechanisms
operating during motor imagery (Rieger et al., 2017). By asking
participants to rapidly alternate between imagined and
executed movements, it is possible to measure switching
costs or benefits when switching from imagery to execution or
from execution to imagery. Overall, results from such studies
show that motor imagery of hand movements slows down
performance in the subsequent trial (Bart et al., 2021a; 2021b,
2021c; Rieger et al., 2017; Scheil & Liefooghe, 2018). Accord-
ingly, we previously proposed that similar inhibitory mecha-
nisms may also be at play during inner speech production to
prevent the execution of speech acts (Grandchamp et al., 2019;
Leevenbruck et al., 2018; Nalborczyk et al., 2022).

Speech production differs considerably from the simple
hand movements which are often assessed in motor imagery
studies. In particular, it requires the coordination and
sequencing of many articulators in short timescales. Zhao
et al. (2023) suggested that these peculiarities may require
an additional (or alternative) cerebral network for inhibiting
speech. Using high-density ECoG, they observed activity in the
premotor cortex associated with speech stopping. Moreover,
electrocortical stimulation over this area caused involuntary
speech arrests, interpreted as an engagement of the inhibitory

mechanisms implemented within this area (see also Silva
et al., 2022). This would be consistent with recent models of
inner speech production, in which parallel inhibitory mech-
anisms are assumed to be issued by the rostral part of the
precentral gyrus (Leevenbruck et al., 2018) or the orbitofrontal
cortex (Grandchamp et al.,, 2019). Although our data cannot
decide between these possibilities, they provide preliminary
evidence regarding the role of intracortical inhibition during
inner speech. Our analyses of the CSP durations revealed that
levels of intracortical inhibition did not differ across inner
speech modes (ie., inner speaking vs. inner hearing) nor
across syllables (i.e., bou vs. gui). This result goes against the
hypothesis of an increased intracortical (GABAp-mediated) in-
hibition during inner speaking. However, it should be stressed
that it does not allow ruling out the involvement of other
forms of inhibition, such as those involving GABA,-mediated
intracortical inhibition or cortico-subcortico-cortical circuits.
Further research should aim at clarifying how these multiple
processes interact together to maintain the activity of the
primary motor cortex below the execution threshold during
inner speech. Examining how the interplay between excit-
atory and inhibitory inputs to the primary motor cortex is
modulated in different forms of inner speech (for instance in
dysfunctional inner speech such as rumination or auditory
verbal hallucinations) and their precise neural implementa-
tion are important future directions.

In summary, the results we describe establish the differ-
ential involvement of the primary motor cortex in two
different phenomenological experiences of inner speech,
suggesting that distinct neural processes can support the
mental production of speech. Various forms of inner speech,
such as inner speaking or inner hearing, selectively engage
these processes, and their involvement can be probed using
transcranial magnetic stimulation. These results stress the
importance of examining different forms of inner speech to
account for its variety.
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