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a  b  s  t  r  a  c  t

Humans  perceive  continuous  speech  through  interruptions  or brief  noise  bursts  cancelling  entire
phonemes.  This  robust  phenomenon  has  been  classically  associated  with  mechanisms  of  perceptual
restoration.  In parallel,  recent  experimental  evidence  suggests  that  the  motor  system  may  actively  par-
ticipate in  speech  perception,  even  contributing  to  phoneme  discrimination.  In the  present  study  we
intended  to verify  if  the  motor  system  has  a specific  role  in  speech  perceptual  restoration  as well.  To  this
aim we  recorded  tongue  corticospinal  excitability  during  phoneme  expectation  induced  by contextual
information.  Results  showed  that  phoneme  expectation  determines  an  involvement  of the individual’s
motor  system  specifically  implicated  in  the  production  of  the  attended  phoneme,  exactly  as  it  happens
during  actual  listening  of that  phoneme,  suggesting  the presence  of  a speech  imagery-like  process.  Very
interestingly,  this  motoric  phoneme  expectation  is  also  modulated  by subtle  coarticulation  cues  of  which
the listener  is not  consciously  aware.  Present  data  indicate  that  the  rehearsal  of  a  specific phoneme
ranscranial magnetic stimulation
ongue corticospinal excitability

requires  the  contribution  of the  motor  system  exactly  as  it happens  during  the rehearsal  of  actions  exe-
cuted  by  the  limbs,  and  that this  process  is  abolished  when  an incongruent  phonemic  cue  is  presented,
as  similarly  occurs  during  observation  of  anomalous  hand actions.  We  propose  that  altogether  these
effects  indicate  that  during  speech  listening  an  attentional-like  mechanism  driven  by  the  motor  system,
based  on  a  feed-forward  anticipatory  mechanism  constantly  verifying  incoming  information,  is  working
allowing  perceptual  restoration.
. Introduction

In everyday life, noise often reduces the intelligibility of speech.
owever, despite interference from background noises, we  usu-
lly perceive speech to be continuous through interruptions. This
henomenon has been demonstrated in studies in which single
honemes were replaced by an extraneous sound. Most listeners
eported that the utterance was intact suggesting that they had
estored the missing phoneme (Samuel, 1981). These and similar
esults (Elman & McClelland, 1988; Ganong, 1980; Warren, 1970;

arren & Obusek, 1971) have been interpreted as the evidence
hat speech perception depends upon the bottom-up confirma-
ion of expectations, and that phonemic restoration depends upon
he interplay between the listener’s expectations and the acous-
ic signal. In fact, increasing listeners’ expectations of a phoneme
Please cite this article in press as: D’Ausilio, A., et al. Tongue corticospinal m
effects.  Neuropsychologia (2011), doi:10.1016/j.neuropsychologia.2011.09.

y, for example, priming the word, enhances perceptual restora-
ion (Samuel, 1981). Therefore, context information may  be used
n an anticipatory or “predictive” manner at multiple levels. During
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processing of a sentence the most likely candidates are gener-
ated anticipating semantic, lexical, or even perceptual features
(McClelland & Elman, 1986; McClelland & Rumelhart, 1981).

The ability to predict others’ action outcomes has a very impor-
tant adaptive function not only with speech-related actions. For
instance we anticipate forthcoming motor sequences when observ-
ing handwriting gestures (Kandel, Orliaguet, & Boë, 1994). When
writing two letters (e.g. “ll”, “le”, “ln”) the movement time and the
letter shape of the first letter is constrained by the execution of
the second one – in analogy with coarticulation in speech produc-
tion. Coarticulation is the well known phenomenon of merging the
production of two consecutive phonemes: the auditory spectral
components of a given phoneme are dramatically altered by the
articulatory requirements of neighbouring phonemes (Liberman,
Cooper, Shankweiler, & Studdert-Kennedy, 1967). Kandel et al.
(1994) showed that subjects can predict the identity of the sec-
ond letter (“l”, “e” or “n”) by viewing the production of the first one
(“l”). These results demonstrate that kinematic information about
odulation during attended verbal stimuli: Priming and coarticulation
022

written coarticulation supports this anticipatory ability (Orliaguet,
Kandel, & Boë, 1997). Similarly, a series of studies have shown
the ability to predict the goal of a grasping action from hand pre-
shaping during reaching (Orliaguet, Viallon, Kandel, & Coello, 1996),

dx.doi.org/10.1016/j.neuropsychologia.2011.09.022
dx.doi.org/10.1016/j.neuropsychologia.2011.09.022
http://www.sciencedirect.com/science/journal/00283932
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rom grasp postures assumed before starting the action (Fischer,
rinz, & Lotz, 2008) or from the intrinsic properties of the to-be-
rasped object (Craighero et al., 2008).

One account of these phenomena is given by the direct matching
ypothesis which claims that action understanding and predic-
ion results from a mechanism that maps a perceived action onto

otor representations of that action (see Rizzolatti & Craighero,
004). Each time an individual observes an action done by another

ndividual an analogous motor representation, usually generated
uring action execution, is activated. Such re-enactment allows
he retrieval of the action’s motor details and, therefore, facili-
ates the action’s outcome prediction. This view is corroborated
y using a developmental approach investigating action percep-
ion in children unable to perform the observed action. The first
xample is given by the study of the so called proactive gaze
ehaviour (Flanagan & Johansson, 2003). This effect consists of
he fact that when subjects observe a block stacking task, the
oordination between their gaze and the actor’s hand position is
redictive, rather than reactive, exactly replicating the gaze–hand
oordination shown by the observers when performing the task
hemselves. This eye predictive capability is absent in children
nable to perform the observed action themselves. Infants begin
o master the block stacking task at around 7–9 months of life,
nd it has been shown that 12-month old infants focus on goals
n the same way as adults do, whereas 6-month-olds do not. This
mplies that the development of proactive eye movements might
epend on hand action development (Falck-Ytter, Gredebäck, &
on Hofsten, 2006). Similarly, handwriting gestures prediction is
t chance level between 7 and 9 years, whereas at the age of 11,
hildren are equivalent to adults (see Kandel, Orliaguet, & Boë,
000). This indicates that perceptual anticipation appears when
andwriting control becomes more stable and written coarticu-

ation is clearly observed also at the production level. Altogether
hese studies confirm that critical cues provided by gestures can-
ot be perceptually exploited if they cannot be linked to individual’s
otor competence.
Recent data suggest that principles of the direct matching

ypothesis apply also to the perception of speech. Speech percep-
ion induces a somatotopic activation (Pulvermuller et al., 2006) of
he motor representations relative to the production of the listened
honemes (Fadiga, Craighero, Buccino, & Rizzolatti, 2002; Roy,
raighero, Fabbri-Destro, & Fadiga, 2008; Watkins, Strafella, & Paus,
003). Furthermore, the selective interference with speech produc-
ion centers (D’Ausilio et al., 2009; Meister, Wilson, Deblieck, Wu,

 Iacoboni, 2007; Mottonen & Watkins, 2009; Sato, Tremblay, &
racco, 2009), the manipulation of somatosensory feedback typ-

cally associated to the articulation of specific phonemes (Gick &
errick, 2009; Ito, Tiede, & Ostry, 2009) and jaw dynamic pertur-
ation (Nasir & Ostry, 2009) proved effective in altering subject’s
erformance in several speech discrimination tasks.

The aim of the present paper is to show that phoneme expecta-
ion determines an involvement of the individual’s motor system
pecifically implicated in the production of the attended phoneme.
urthermore, we aim to demonstrate that phoneme expectation
s induced not only by explicit contextual information but also by
ubtle coarticulation cues of which the listener is not consciously
ware.

We submitted participants to a task in which each trial consisted
n the presentation of two consecutive pseudo-words separated by

 1000 ms  interval. Each pseudo-word began with the syllable BI
nd could either continue with a tongue-produced phoneme [r], [l]
r not [v], [f].
Please cite this article in press as: D’Ausilio, A., et al. Tongue corticospinal m
effects.  Neuropsychologia (2011), doi:10.1016/j.neuropsychologia.2011.09.

According to the International Phonetic Alphabet (IPA) and in
articular according to publications on cross-linguistic phonetics
Ladefoged, 2001) and on Italian phonology (Rogers & d’Arcangeli,
004), articulators and place of articulation of the considered
 PRESS
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consonants vary: [r] and [l] are classified as dental/alveolar while
[v] and [f] are classified as labio/dental fricatives. Alveolar conso-
nants are articulated with the tongue against the superior alveolar
ridge. In particular [r] is an alveolar trill produced by vibrating
the tip of the tongue against the alveolar ridge. Labio/dentals are
made by the lower lip acting as the active articulator against the
lower edge of the front upper teeth. Magnetic resonance images
of the vocal tract revealed that during sustained production of the
labio/dental [f] and [v] the tongue is involved only in its poste-
rior body which shows concave cross-sectional shapes (Narayanan,
Alwan, & Haker, 1995). Furthermore, the stimuli used in the present
experiment required the production of a doubled consonant which
in Italian shortens the preceding vowel and lengthens the conso-
nant itself. Therefore, to pronounce the ‘rr’ of the stimulus “birro”
the tip of the tongue must vibrate 2 or 3 times against the alveo-
lar ridge. Similarly, there is a strong impact between the tip of the
tongue and the alveolar ridge in producing the sound represented
by ‘ll’ in “billo” (Norman, 1937).

These data clearly indicate that, although tongue activity is
always necessary during the production of all consonants, tongue
tip is much more articulatorily recruited during the realization of
[r] and [l] then [f] and [v]. Our experimental rationale was  based
on this assumption. A similar rationale motivated previous studies
recording tongue and lips cortico-spinal excitability (Fadiga et al.,
2002; Roy et al., 2008; Watkins et al., 2003) as well as research
dealing with the motor somatotopy of speech perception (D’Ausilio
et al., 2009; Mottonen & Watkins, 2009).

The structure of each presented stimulus was: [BI]-[double
consonant]-[O] (i.e.: BI-RR-O, BI-LL-O, BI-VV-O, BI-FF-O). We
induced phoneme expectation by manipulating the percentage of
trials in which the two  pseudo-words were the same (75%). Con-
sequently, we defined the first pseudo-word as “prime” and the
second one as “target”.

We  applied transcranial magnetic stimulation (TMS) on tongue
motor representation in primary motor cortex and we measured
tongue evoked motor potentials (MEPs) during a sound gap of
400–450 ms  inserted between [BI] and [double consonant] of the
target. Therefore, if the motor system is involved in phoneme
expectation, tongue corticospinal excitability should be specifically
enhanced after presentation of a tongue-related prime (e.g., BI-
RR-O) than after a no tongue-related prime (e.g., BI-FF-O), exactly
as it would happen if the listener actually perceived the primed
phoneme (see Fadiga et al., 2002). Furthermore, we  explored if
coarticulatory features, in analogy with the work of Kandel et al.
(1994), are also able to influence phoneme expectations during
speech listening. Following this evidence, in our stimuli, some of
the articulatory features of target double consonant necessarily
determine specific subtle acoustic features in the previous BI token.
Consequently, we included an orthogonal manipulation such that
the BI of the target could (e.g., when [BI] is extracted from the pro-
nounced BIRRO) or could not be (e.g., when [BI] is extracted from
BIFFO) coarticulated for the following double consonant (e.g., [RR]).

Therefore, the present experiment was  designed to verify (i) if
tongue corticospinal excitability is specifically modulated during
phoneme expectation when the probability of the target presen-
tation is cued by an explicitly presented priming stimulus, (2) if
corticospinal excitability is influenced by coarticulatory features
determined by an incoming phoneme, and (3) if these two  effects
interact.

2. Materials and methods
odulation during attended verbal stimuli: Priming and coarticulation
022

2.1. Subjects

Thirty-one healthy subjects were recruited after obtaining full information
about the study and giving their informed consent. They were paid for participa-
tion.  None had any history of neurological disease, trauma or psychiatric syndrome

dx.doi.org/10.1016/j.neuropsychologia.2011.09.022
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Table 1
This table shows the trial types. Prime column indicates the prime signaling the target with 75% probability of presentation, subdivided into Tongue Prime when the pseudo-
word  contains a tongue-related phoneme, and No-Tongue Prime when the pseudo-word does not contain it. Target column indicates the target split into its two parts:
the  [BI] presented before (Pre-TMS) and the [double consonant-O] presented after TMS  administration (Post-TMS). Regarding the [BI] stimulus, in parenthesis is shown the
pseudo-word from which it belonged to. Consequently, the Coarticulation column indicates if coarticulatory features of [BI] correspond (Correct) or not (Wrong) with the
primed  target. The Same/Different column specifies if the prime and the target were the same or different. Repetitions column shows the number of repetitions for each trial
and,  in parenthesis, the number of those trials in which TMS was administered. Asterisks indicate those trials whose MEP data were entered into the analysis.

Prime Target Co-articulation Same/Different Repetitions

Pre-TMS Post-TMS

Tongue Prime
BILLO BI(llo) LLO Correct Same 6(4*)

BI(ffo) LLO Wrong Same 6(4*)
BI(llo)  FFO Correct Different 2(1)
BI(ffo) FFO Wrong Different 2(1)

BIRRO BI(rro) RRO Correct Same 6(4*)
BI(vvo)  RRO Wrong Same 6(4*)
BI(rro)  VVO Correct Different 2(1)
BI(vvo) VVO Wrong Different 2(1)

No-Tongue Prime
BIFFO BI(ffo) FFO Correct Same 6(4*)

BI(llo) FFO Wrong Same 6(4*)
BI(ffo) LLO Correct Different 2(1)
BI(llo)  LLO Wrong Different 2(1)

BIVVO BI(vvo) VVO Correct Same 6(4*)
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nd had normal hearing. All subjects were Italian native speakers. Procedures were
pproved by the local ethical committee of the University of Ferrara. The complete
xperiment could be performed only in eleven subjects showing clear and ss tongue
EPs (mean age, 23.9; SD, 4.7; 4 females; see Section 2.4 for more details).

.2. Procedure

After signing the informed consent and having familiarized with the experi-
ental procedure, subjects entered the TMS  mapping procedure (see Section 2.4 for

etails). Upon a successful mapping procedure (25–35 min), we  let subjects sit on a
omfortable chair in front of a table and a computer monitor (about 75 cm distance).
timuli were acoustically presented through semi-professional headphones (AKG).
ubjects’ responses were acquired by a custom-made response box consisting of
wo buttons (one on the left, one on the right side), while both stimuli presentation
nd behavioural data recordings were controlled by an E-Prime script (Psychology
oftware Tools, Inc.). Subjects’ responses were given with the left hand, ipsilateral
o  the TMS  scalp administration. We  did so in order to avoid motor programming
nterference or any TMS  interference to response selection. The correct synchro-
ization between auditory stimuli and TMS  occurrence was preliminary tested by

eeding both the PC sound-card output and the TMS  trigger to an external A/D board
ith an internal hardware clock (CED, micro1401). Subjects first completed 16 train-

ng trials and then the experiment started. The experiment lasted roughly 15 min
ncluding 64 trials, 40 of which had TMS (see Table 1). The whole experimental
ession lasted about 1 h.

.3. Stimuli and trial structure

Stimuli consisted in 4 pseudo-words read by a female actress. Pseudo-words
ere phonotactically legal Italian pronounceable sequences of CVCCV sounds. All
seudo-words included an initial syllable “BI” followed by either “RRO”, “LLO” (con-
aining a double consonant requiring tongue involvement during articulation) and
FFO” or “VVO” (not containing a double consonant requiring tongue involvement
uring articulation). Stimuli lasted ∼950 ms.

Each trial consisted in the presentation of two consecutive pseudo-words with
 1000 ms  interval. The two stimuli were the same in 75% of trials. At the end of
he  second pseudo-word presentation an on-screen message prompted the subject
o  perform one out of two tasks. In some trials they had to press one of two  but-
ons at will, whereas in the remaining trials they had to decide whether the two
seudo-words were the same or different and congruently press the corresponding
utton. Response buttons position was counterbalanced between-subjects. These
asks were devised in order to have the subject carefully listening to the stimuli,
ithout forcing the preparation of any response strategy (50% of trials in each task,

andomly).
Furthermore, we  included a stimulus manipulation such that the BI syllable of
Please cite this article in press as: D’Ausilio, A., et al. Tongue corticospinal m
effects.  Neuropsychologia (2011), doi:10.1016/j.neuropsychologia.2011.09.

he second pseudo-word could or could not be correctly coarticulated to the subse-
uent double consonant. By using an audio editing software (Audacity) we isolated
he syllable BI from the four original sound tracks. Subsequently, we  mixed the
our obtained BI syllables assembling the following stimuli: BI(llo)LLO, BI(ffo)FFO,
I(rro)RRO, BI(vvo)VVO, defined as correctly coarticulated because the BI syllable
rong Same 6(4*)
orrect Different 2(1)
rong Different 2(1)

was extracted from the presented target (in parentheses), and BI(ffo)LLO, BI(llo)FFO,
BI(vvo)RRO, BI(rro)VVO, defined as wrongly coarticulated because the BI syllable
was not extracted from the presented target. A random 300–350 ms  gap between
the BI syllable and the subsequent double consonant was inserted.

Therefore, we could have four different experimental conditions:

“same” condition (the first and the second pseudo-word are the same), correct
coarticulation in the second pseudo-word (e.g., BILLO–BI(llo)LLO)
“same” condition, wrong coarticulation in the second pseudo-word (e.g.,
BILLO–BI(ffo)LLO)
“different” condition (the first and the second pseudo-word are different), correct
coarticulation (e.g., BILLO–BI(ffo)FFO)
“different” condition, wrong coarticulation (e.g., BILLO–BI(llo)FFO).

See Table 1 for all possible trial types.
To verify whether coarticulation features in the BI stimuli could be easily

detected by subjects we run a control behavioural experiment. Six subjects (who did
not  participate in the TMS  experiment) listened, via headphones, to a sequence of
BI  extracted from the four pseudo-words (BIRRO, BILLO, BIVVO, BIFFO) presented in
the  main experiment. After each stimulus presentation subjects were forced to indi-
cate which of two visually presented pseudo-words the acoustic stimulus belonged
to.  The two  pseudo-words were presented in a balanced order on the right and left
side  of a screen placed in front of subjects. There were four experimental conditions,
presented in a randomized order: (i) Acoustic BI(rro) – visual BIRRO and BIVVO; (ii)
Acoustic BI(vvo) – visual BIRRO and BIVVO; (iii) Acoustic BI(llo) – visual BILLO and
BIFFO; (iv)Acoustic BI(ffo) – visual BILLO and BIFFO. Subjects were asked to press one
of  two buttons, with their right index and middle finger, spatially corresponding to
the  selected visual pseudo-word. The total number of trials was 80, twenty repeti-
tions for each experimental condition. We applied a series of single-sample t-tests to
compare each of the four conditions against the chance level. Results indicated that
responses were not different than chance level for all stimuli, separately (BI(llo):
t(5) = 0.1281, p = 0.9; BI(rro): t(5) = −0.9455, p = 0.39; BI(vvo): t(5) = 1.9897, p = 0.1;
BI(ffo): t(5) = 1.7112, p = 0.15). This indicates that, in a forced-choice paradigm, sub-
jects were not aware of the presence of coarticulation information in the stimuli
presented in the main experiment.

2.4. TMS and EMG

TMS  stimulation was delivered through a figure-eight 70 mm coil and a Magstim
200 stimulator (Magstim, Whitland, UK) to the tongue motor representation in the
left hemisphere. The tongue motor representation was found by searching the First
dorsal Interosseus (FDI) area, and the FDI resting motor threshold by using standard
protocols (Rossini et al., 1994). Then the coil was moved about 4 cm laterally and
odulation during attended verbal stimuli: Priming and coarticulation
022

1  cm anteriorly from the FDI hot spot. Stimulator output was then increased in 5%
steps until a tongue MEP  could be shown (max 70% of the stimulator output). After
the first few MEPs could be reliably recognized, the coil was parametrically moved in
a  2 by 2 cm radius and the coil orientation was rotated roughly in 10◦ steps in order to
maximize stability and amplitude of MEPs. The stimulation intensity was then set in

dx.doi.org/10.1016/j.neuropsychologia.2011.09.022
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Table 2
This table shows raw data. Averaged peak-to-peak MEP  size in all four conditions.
Values are in millivolt plus/minus standard error of the mean.

Correct coarticulation Wrong coarticulation
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Tongue 0.277 ± 0.075 0.261 ± 0.062
No-Tongue 0.220 ± 0.057 0.256 ± 0.073

rder to have 5 out of 5 MEPs, clearly discernible from the background EMG activity
between 100 and 200 �V; stimulation range from 60 to 68% of maximal stimulator
utput). MEPs were recorded with a wireless EMG  system (Aurion, ZeroWire EMG)
ince this system proved to be optimal in reducing the TMS  artefact in facial muscle
ecordings. This system automatically provides the difference in electric potential
etween two  electrodes as a measure of muscle electrical activity. Two Ag/AgCl cup
lectrodes were placed on the right dorsal surface of the tongue (10–15 mm from
idline, 10 mm from tongue tip) with an inter-electrode distance of 10–20 mm,

sing a surgical glue (Hystoacryl, B. Braun Surgical SA). The electrodes’ position
llowed the best recording of EMG  activity of the anterior part of the tongue. The
ignal was band-pass filtered (50–1000 Hz) and digitized (2 kHz).

Such electrode placing and TMS mapping procedure could not be completed in
ll  31 subjects for several reasons. First of all, in 9 subjects it was  not possible to
un the full experiment because of technical problems (no stable electrode contact,
trong basal EMG  activity, the stimulation was  not well tolerated due to the high
ntensities at such lateral scalp sites, unstable MEP  recordings). Finally and most
mportantly, 11 subjects were discarded because artefacts spoiled the signal. Specifi-
ally  we  noted at least 2 kinds of recurrent artefacts. The first was characterized by an
verage latency of 4–6 ms  with a MEP-like morphology, including both a positive and

 negative deflection. Due to its early latency, this was likely caused by an ipsilateral
ranial nerve stimulation (hypoglossus) rather than a cortical stimulation. The sec-
nd  kind of artefact, instead, starting later around 13–16 ms,  was slower and in most
ases included only a positive component. This late wave, considering its latency
nd morphology, was  possibly mediated by the electrodes’ displacement caused by
n  ipsilateral masseter muscle contraction. We  therefore analyzed the data only of
hose subjects showing no EMG  pre-activation and reliable MEPs responses with a
atency between 8 and 11 ms  (Cruccu, Inghilleri, Berardelli, Romaniello, & Manfredi,
997; Paradiso, Cunic, Gunraj, & Chen, 2005; Svensson, Romaniello, Arendt-Nielsen,

 Sessle, 2003; Svensson, Romaniello, Wang, Arendt-Nielsen, & Sessle, 2006).
TMS  was delivered 100 ms  after the end of presentation of the BI syllable, fol-

owed by a random 300–350 ms  gap before double consonant presentation.

.5. Design, data analysis and statistics

We had a same-different paradigm with a 75–25% ratio in order to let the first
seudo-word be sufficiently predictive of the second one. Consequently, a total of
4 trials of which 48 same, and 16 different were presented (see Table 1 for more
etails). TMS  was  delivered in 32 out of 48 “same” trials, and in 8 out of 16 “differ-
nt” trials. We submitted to analysis the “same” trials only. Of the 32 TMS-stimulated
same” trials, orthogonally to the priming condition, 16 trials were correctly artic-
lated with the expected phoneme and 16 trials were wrongly articulated with the
xpected phoneme (see Table 1). Therefore, the experiment consisted of a 2 (Artic-
lation [Tongue vs. No-Tongue]) × 2 (Coarticulation [Correct vs. Wrong]) design.

The dependent variable was  the mean MEP  peak-to-peak amplitude (32 MEPs, 8
ach condition). Table 2 contains the raw MEP  amplitude data in all the experimental
onditions. These single MEP  amplitudes were transformed into z-scores for each
ubject and then averaged for every condition.

. Results

The data for all subjects were submitted to an analysis of vari-
nce (ANOVA) considering as within-subjects factors Articulation
Tongue vs. No-Tongue) and Coarticulation (Correct vs. Wrong). The
wo-way ANOVA reported a significant main effect of Articulation
F(9,1) = 23.55; p = 0.0009) only: Tongue corticospinal excitability
as enhanced after presentation of a prime including a tongue-
roduced phoneme (Tongue Prime: BILLO, BIRRO).

Furthermore, we searched for whether an implicit elaboration of
oarticulatory features might have modulated such effect. Positive
nd negative z-values significantly different from zero represent
ncreased and reduced modulation with respect to the average
ndividual responses amplitude, respectively. Therefore, mean val-
Please cite this article in press as: D’Ausilio, A., et al. Tongue corticospinal m
effects.  Neuropsychologia (2011), doi:10.1016/j.neuropsychologia.2011.09.

es for each condition were tested (planned comparisons) against
he no-modulation hypothesis that, in normalized values, is repre-
ented by zero value. This analysis reported that after presentation
f both Tongue and No-Tongue primes, results were different from
 PRESS
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zero only when the BI syllable was  coarticulated at the same artic-
ulation site as the prime was  (Tongue-Correct: t9 = 2.72, p = 0.023;
No-Tongue-Correct: t9 = −2.59, p = 0.028; Tongue-Wrong: t9 = 1.45,
p = 0.18; No-Tongue-Wrong: t9 = −1.16, p = 0.27). For instance a
Tongue prime led to a significant increase of tongue MEPs only
when the BI syllable in the target pseudo-word was coarticulated
for a tongue-produced sound.

Our results indicate that, after presentation of a phonologi-
cal prime, tongue corticospinal excitability is enhanced when a
tongue-involving phoneme is attended with respect to when a non
tongue-involving phoneme is attended. However, this modulation
is influenced by coarticulatory cues: only when the BI syllable is
extracted from the attended pseudo-word (either tongue or non
tongue-involving) corticospinal excitability is significantly modu-
lated (Fig. 1).

4. Discussion

The exact role played by the motor system in speech perception
is a matter of recent debate (Lotto, Hickok, & Holt, 2009; Toni, de
Lange, Noordzij, & Hagoort, 2008). Some authors claim that speech
sounds encoding predominantly require the ventral language path-
way in the temporal cortex, thus not requiring a motor component
(Scott & Johnsrude, 2003). On the other hand, a recent series of stud-
ies supported a motor recruitment, and thus a leading role for the
dorsal language route (D’Ausilio et al., 2009; Meister et al., 2007;
Mottonen & Watkins, 2009; Sato et al., 2009). In particular, Meister
et al. (2007) showed that the application of repetitive TMS  to the
premotor cortex disrupts subjects’ ability to perform a phonetic
discrimination task, and D’Ausilio et al. (2009) found a double dis-
sociation after TMS  administration to motor cortex controlling lips
and tongue during the discrimination of lip- and tongue-articulated
phonemes. However, speech perception is a very complex cogni-
tive ability which requires multiple computations surely involving
more than a motor recruitment when phoneme recognition is used
for word comprehension. In particular, low-level phonetic repre-
sentations involved in phoneme discrimination may  not be the
same as the low-level phonetic representations used in word com-
prehension (see Hickok & Poeppel, 2007). Nevertheless, Devlin and
Aydelott (2009) commented that “Taken together, these two TMS
studies (D’Ausilio et al., 2009; Meister et al., 2007) provide the
strongest evidence to date that the motor system is not only acti-
vated during speech perception, but this activation also plays a role
in discriminating specific phonemes” (pg. R199). However, they
suggested that “speech production regions may  be recruited to aid
speech comprehension, perhaps using a form of implicit motor sim-
ulation” (pg. R199). With the term “implicit motor simulation” the
authors possibly refer to the meaning attributed to it by Gallese
(2003) as a direct, automatic, and unconscious process of simu-
lation determined by an external event of which, however, the
observer have to be aware. Therefore, it might be questioned to
which extent the motor contribution to speech perception may  also
be based on an automatic process determined by stimuli of which
subjects are unaware.

Generally speaking, the present study reveals new experimental
evidence, namely that tongue corticospinal excitability is specifi-
cally enhanced during expectation of a tongue-involving phoneme.
This effect may  be attributed to a motor imagery process or, in
other words, to a voluntary motor simulation: Subjects may  have
mentally reiterated the stimulus to accomplish the task. In such a
view, we were indeed recording a motor excitability-enhancement
odulation during attended verbal stimuli: Priming and coarticulation
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induced by a specific speech imagery process addressing a specific
motor representation. To our knowledge, speech motor imagery
has been only investigated in fMRI studies showing mixed results as
far as the primary motor cortex involvement is concerned (Callan,

dx.doi.org/10.1016/j.neuropsychologia.2011.09.022
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ig. 1. Results. Z-score MEPs amplitudes in four conditions. MEPs in tongue-articu
ithout correct coarticulation. Bars represent standard error of the mean and the a

ones, Callan, & Akahane-Yamada, 2004; Kleber, Birbaumer, Veit,
revorrow, & Lotze, 2007; Shergill et al., 2001). Our TMS  pro-
edure let us demonstrate that speech imagery-like process is
upported by activity in the motor system exactly as it happens
uring motor imagery of other effectors (Fadiga et al., 1999; see
adiga & Craighero, 2004).

However, speech imagery was abolished when an incongru-
nt phonemic cue was presented. In fact, wrong coarticulation
ues cancelled the modulation of tongue corticospinal excitabil-
ty. Similar results were also found during observation of hand
ctions. Gangitano, Mottaghy, and Pascual-Leone (2004)  had sub-
ects watching a video clip of a hand approaching and grasping a ball
n which maximal finger aperture was substituted with an unpre-
ictable closure. These authors showed that FDI motor excitability
as suppressed during the observation of the incongruent action,

s if the activated motor plan was discarded when features of
he presented movement ceased to match those of the attended
ne.

Interestingly enough, listeners were at chance level when asked
o explicitly decode coarticulatory features. Therefore, present
esults seem to indicate that the involvement of the motor sys-
em during speech perception is mainly based on contextual cues
hat may  be further modulated by the unconscious detection of
ubtle coarticulation cues. As a consequence, here we  show for
he first time that during speech listening the motor command is
eproduced in great detail, even in its coarticulation characteristics.

Moreover, some further striking similarities can be found in
he modulation of motor excitability during observation of hand
ctions (Borroni, Montagna, Cerri, & Baldissera, 2005). In fact, in
orroni’s study participants watched a cyclic flexion-extension
ovement of the wrist while MEPs were elicited in their right fore-

rm extensor and flexors muscles. Results showed that the pattern
f flexor-extensor excitability had the same period of the observed
Please cite this article in press as: D’Ausilio, A., et al. Tongue corticospinal m
effects.  Neuropsychologia (2011), doi:10.1016/j.neuropsychologia.2011.09.

ovement and was phase advanced, as it happens in muscle acti-
ation respect to real movement. These subjects have only access
o visual kinematic cues and thus they can infer muscle pattern
iming only using a simulation strategy. Much in the same way,
Tongue; ‘r’ and ‘l’) and control stimuli (No-Tongue; ‘f’ and ‘v’) are shown with and
 show significant effects in the planned comparisons analysis.

speech coarticulation cues are not consciously perceived but are
simulated in the listener’s motor system. In fact, motor rehearsal
of the attended phoneme is sufficient to allow the prediction and
automatic detection of an incongruently coarticulated stimulus by
the motor system despite the fact that individuals were not able to
tell them apart.

We  hypothesize that a feed-forward anticipatory mechanism
(a speech imagery-like mechanism) based on contextual cues on
next target probability is constantly verifying incoming informa-
tion elaborated at an unconscious level (coarticulation detection)
as an online feed-back based control strategy. Such control strategy
is indeed not new in motor neuroscience. In fact, the relation-
ship between action and perception, at the level of motor control,
is thought to be organized around similar principles. People may
use internal predictive models to generate goal-directed actions
(Desmurget & Grafton, 2000). More specifically, during goal-
directed action, internal models provide sensory expectations that
are used to monitor and control movements. Analogously, it has
been argued that the same internal modelling mechanisms are
reused when we encode another’s action in terms of our own
motor repertoire (Fadiga, Fogassi, Pavesi, & Rizzolatti, 1995; Fazio
et al., 2009; Gallese, Fadiga, Fogassi, & Rizzolatti, 1996; Rizzolatti &
Craighero, 2004).

The computational advantage of internal models is that they
offer a clear mechanism for the anticipation of future sensory-
motor or goal states and, as already mentioned, there is ample
evidence at multiple levels regarding motor anticipatory mech-
anisms in perceptual tasks. Subjects can indeed anticipate the
next motor event from subtle kinematic changes (Fischer et al.,
2008; Kandel et al., 1994; Orliaguet et al., 1996) or object
features (Craighero et al., 2008). Similarly, the observer’s oculo-
motor behaviour anticipates the goal location of observed actions
(Flanagan & Johansson, 2003). More interestingly, this anticipatory
odulation during attended verbal stimuli: Priming and coarticulation
022

capability appears only after subjects skilfully master the behaviour
of interest (Falck-Ytter et al., 2006; Kandel et al., 2000). Therefore,
it is possible that motor experience on a given task enables a rich
sensory-motor encoding of that skill.

dx.doi.org/10.1016/j.neuropsychologia.2011.09.022
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Similar models have been proposed in the domain of speech per-
eption (McClelland & Elman, 1986; McClelland & Rumelhart, 1981;
ickering & Garrod, 2007). Here, internal modelling generates pre-
ictions at all levels, including the phonological, syntactic and
emantic ones. Predictions are then compared with the auditory
nput, and corrections can be done to finally generate an adequate
nterpretation, much in the same way we observed in our present
tudy, at a psychophysiological level. The behavioural advantage
f such a mechanism could be that of perceptual restoration and
ight emerge when dealing with degraded or missing information.

honemic restoration may  take advantage of motor representa-
ion rehearsal occurring as soon as a specific phoneme candidate
eaches the probability threshold to be perceived. In fact, several
tudies showed that anterior language areas might be recruited
or sensory decisions and completion during sub-optimal listen-
ng conditions (Binder, Liebenthal, Possing, Medler, & Ward, 2004;
oatman & Miglioretti, 2005; Moineau, Dronkers, & Bates, 2005)
r the illusory gap filling phenomenon (Shahin, Bishop, & Miller,
009).

In this sense, the motor system might furnish an attentional-
ike mechanism able to prime perceptual processes (Rizzolatti,
iggio, Dascola, & Umiltà, 1987; Rizzolatti, Riggio, & Sheliga, 1994;
izzolatti & Craighero, 1998). Anticipatory processes, guided by
rticulatory gestures, may  be firstly activated by a partial auditory
eature extraction and subsequently, using contextual information
nd probability maps, may  be employed for sensory completion of
egraded speech (Shahin et al., 2009). Sensory completion might be
ediated by anticipatory mechanisms such as those proposed for

eneral sensory-motor control (Wolpert & Kawato, 1998). Forward-
nverse couples are based upon the ability of the system to predict
ither a sensory state given the motor command, or the motor state
iven the sensory state. These couples are built during development
ia active movement production and sensory feedback recording –
uch as the speech-babbling phase (Guenther, Ghosh, & Tourville,
006). After development, these sensory-motor maps might be
sed to cope with a natural context where we are continuously
xposed to incomplete or noisy sensory information. Therefore, we
nvisage speech perception as an active process searching for rel-
vant features among several sources of noise. This search might
e directed towards salient features via an attentional-like mech-
nism, driven by the motor system.
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