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a b s t r a c t

Consistent with a functional role of the motor system in speech perception, disturbing the activity of the
left ventral premotor cortex by means of repetitive transcranial magnetic stimulation (rTMS) has been
shown to impair auditory identification of syllables that were masked with white noise. However,
whether this region is crucial for speech perception under normal listening conditions remains debated.
To directly test this hypothesis, we applied rTMS to the left ventral premotor cortex and participants per-
formed auditory speech tasks involving the same set of syllables but differing in the use of phonemic seg-
mentation processes. Compared to sham stimulation, rTMS applied over the ventral premotor cortex
resulted in slower phoneme discrimination requiring phonemic segmentation. No effect was observed
in phoneme identification and syllable discrimination tasks that could be performed without need for
phonemic segmentation. The findings demonstrate a mediating role of the ventral premotor cortex in
speech segmentation under normal listening conditions and are interpreted in relation to theories assum-
ing a link between perception and action in the human speech processing system.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction while their manifestation in the acoustic signal or in the articula-
Given the non-linear mapping between phonetic segments and
their acoustic realization, distinct theoretical perspectives have
been proposed to explain speech perception. A crucial distinction
among these perspectives is the use of purely auditory perceptual
mechanisms, or that of articulatory control processes and more
generally the involvement of the motor system (for reviews, see
Diehl, Lotto, & Holt, 2004; Galantucci, Fowler, & Turvey, 2006; Sch-
wartz, Abry, Boë, & Cathiard, 2002). Many researchers have advo-
cated models of speech perception that focus only on the
auditory system and on the acoustic properties of speech (for a re-
view, see Diehl et al., 2004). It is hypothesized that the speech sig-
nal is highly structured in that it contains invariant acoustic
patterns for phonetic features, and that speech sounds are per-
ceived using the same mechanisms of audition and perceptual
learning. From this view, speech perception is assumed to be dri-
ven by auditory mechanisms, based on invariant properties of
the acoustic signal, and not mediated by the motor system. In con-
trast, in the motor theory of speech perception (Liberman, Cooper,
Shankweiler, & Studdert-Kennedy, 1967; Liberman & Mattingly,
1985; Liberman & Whalen, 2000), the objects of speech perception
are the speaker’s intended articulatory gestures rather than acous-
tic or auditory events. According to this view, speech gestures are
represented in the brain as invariant motor control structures
ll rights reserved.

to).

A mediating role of the premot
tory movements may vary contextually. Since speaker and listener
share a common repertoire of motor primitives, speech perception
is thought as a set of perceptuo-motor processes, used to recover
the articulated gestures as the objects of perception. As such,
speech perception is a sensorimotor process in that perceiving
speech is perceiving speech motor (articulatory) gestures.

Consistent with this view, recent brain imaging studies demon-
strate that frontal brain areas involved in the planning and execu-
tion of speech gestures (i.e., the posterior part of the left inferior
frontal gyrus, namely Broca’s area, and the ventral premotor cor-
tex) are activated during passive auditory, visual and/or audi-
tory-visual speech perception (e.g., Ojanen et al., 2005; Pekkola
et al., 2006; Pulvermuller et al., 2006; Skipper, Nusbaum, & Small,
2005; Skipper, Van Wassenhove, Nusbaum, & Small, 2007; Wilson
& Iacoboni, 2006; Wilson, Saygin, Sereno, & Iacoboni, 2004). Single-
pulse TMS studies also show that lip or tongue motor-evoked
potentials (MEP) are enhanced during both passive speech listen-
ing and viewing, when stimulating the corresponding area of the
left primary motor cortex (Fadiga, Craighero, Buccino, & Rizzolatti,
2002; Roy, Craighero, Fabbri-Destro, & Fadiga, 2008; Sundara,
Namasivayam, & Chen, 2001; Watkins & Paus, 2004; Watkins, Stra-
fella, & Paus, 2003). This increased excitability of the motor system
during speech perception is related to an increase in activity in
Broca’s area and the ventral premotor cortex (vPMC), as shown
by a recent study combining the technique of positron emission
tomography with TMS (Watkins & Paus, 2004). Finally, this speech
motor ‘resonance’ mechanism (Fadiga et al., 2002) appears to be
or cortex in phoneme segmentation. Brain & Language (2009), doi:10.1016/
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articulator specific, motor facilitation being stronger when the re-
corded muscle activity and the auditory speech stimulus reflect the
same articulator (Fadiga et al., 2002; Roy et al., 2008). This is also
suggested by two recent functional magnetic resonance imaging
(fMRI) studies showing similar somatotopic patterns of motor
activity in the vPMC during both producing and listening to or
viewing lips- and tongue-related phonemes (Pulvermuller et al.,
2006; Skipper et al., 2007). Altogether, these studies support the
idea that both Broca’s area and the vPMC are recruited during
speech processing, and suggest that speech perception involves a
specific mapping from the speaker’s articulatory gestures into the
listener’s motor plans.

However, despite accumulating evidence that passive speech
perception induces cortical activity in both Broca’s area, the vPMC
and the orofacial primary motor cortex, whether speech motor
centers actually contribute to speech perception remains debated.
While previous brain imaging and single-pulse TMS studies dem-
onstrate the recruitment of motor areas during passive speech per-
ception, these results are intrinsically correlational and cannot be
used to address causality. Two powerful techniques for establish-
ing causality are through the use of rTMS and electrocortical stim-
ulation during awake neurosurgical operations to directly
manipulate brain functioning. Both techniques can be used to tem-
porarily disrupt neural activity of a given cortical region, thereby
creating a transient ‘virtual lesion’, and to explore causal relations
between the stimulated region and specific motor, sensory and/or
cognitive functions (for reviews, see Boatman, 2004; Devlin & Wat-
kins, 2007; Pascual-Leone, Walsh, & Rothwell, 2000; Walsh & Cow-
ey, 2000). However, both electrocortical mapping studies and rTMS
studies are inconclusive regarding a possible functional role of Bro-
ca’s area and the left svPMC in auditory speech processing under
normal listening conditions. Indeed, temporarily disrupting the
activity of the left inferior frontal gyrus does not impair partici-
pants’ ability to perform auditory speech discrimination tasks
(Boatman, 2004; Boatman & Miglioretti, 2005) but phonological
judgments that likely involve verbal working memory and articu-
latory rehearsal (Boatman, 2004; Romero, Walsh, & Papagno,
2006). On the other hand, a recent rTMS study showed that stim-
ulating the superior portion of the left ventral premotor cortex
(svPMC), a region found to be activated during both syllable per-
ception and production in recent fMRI studies (Wilson et al.,
2004; Pulvermuller et al., 2006), impaired auditory syllable identi-
fication (Meister, Wilson, Deblieck, Wu, & Iacoboni, 2007). The re-
sults were interpreted to suggest that the premotor cortex is an
essential component in speech perception and that it may contrib-
ute to it through a top–down modulation of temporal cortex. How-
ever, it should be noted that the auditory syllable identification
task was performed in the presence of masking noise which re-
duced performance overall and therefore impacts on the interpre-
tation of the results. Because Meister et al. (2007) did not examine
the effects of premotor stimulation on speech processing in the ab-
sence of masking noise, it is still unclear whether the motor system
is functionally activated under normal speech processing condi-
tions and, if not, whether motor system involvement is only func-
tional in the presence of sensory challenge or is activated more
generally when task demands (beyond increasing signal to noise)
are increased.

To extend and refine the observations from the Meister et al.
(2007) study, we examined the influence of left svPMC in speech
perception under normal listening conditions and a number of
auditory speech tasks. We used 1 Hz low-frequency rTMS and
frameless stereotaxy to temporarily disrupt the activity of svPMC
and examined participants’ performance on a phoneme identifica-
tion task, a syllable discrimination task and a phoneme discrimina-
tion task. All these tasks involved the same set of nonsense
syllables, presented without masking noise, but differed in the
Please cite this article in press as: Sato, M., et al. A mediating role of the premot
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use of phonemic segmentation and verbal working memory de-
mands. We hypothesized that the phoneme identification task, in
which participants were asked to judge whether a syllable began
with /p/ or /b/, could be performed solely based on an acoustic-
auditory analysis of the stop consonant voicing at the onset of
the syllable, without the need to recruit the motor system (Boat-
man, 2004; Burton, Small, & Blumstein, 2000). In the syllable iden-
tification task, because the presented syllable pairs differed (or not)
only in their first initial phonemes (e.g., /put/–/but/), a similar
acoustic–phonetic analysis is also likely required together with
minimal verbal storage to discriminate phonetic contrasts and
compare the two syllables. Finally, in the phoneme discrimination
task, participants were asked to determine whether the initial pho-
nemes of syllable pairs were the same or different. Because half of
the syllable pairs differed in more complex ways from just their
initial segment (e.g., /put/–/bon/), it is likely that the listener had
to segment the initial phonemes from the remainder of the sylla-
bles and then compare them in order to make a same/different
judgment (Burton & Small, 2006; Burton et al., 2000). We hypoth-
esized that specific effects of rTMS over the left svPMC on accuracy
and reaction times should be stronger in the phoneme discrimina-
tion task, the motor system being likely recruited to assist in pho-
nological segmentation and working memory processes (Romero
et al., 2006). According to the above-mentioned theories of speech
perception, this would argue against the view that speech percep-
tion relies exclusively on the auditory system and the acoustic
properties of speech but also would refine a possible mediating
role of the premotor cortex in speech perception under normal lis-
tening conditions in segmenting the speech stream into constitu-
ent phonemes.
2. Methods

2.1. Participants

Ten healthy adults (seven females; mean age ± SD, 27 ± 5 years)
participated in the study. All but one were native speakers of Cana-
dian French. The other one was a native speaker of French. All par-
ticipants were right-handed (Oldfield, 1971), had normal or
corrected-to-normal vision and reported no history of speaking
or hearing disorders. Participants were screened for neurological,
psychiatric, and other medical conditions, and contraindications
to TMS (Wassermann, 1998). Written informed consent was ob-
tained for all participants and they were paid for their participa-
tion. The protocol was approved by the McGill University Faculty
of Medicine and was carried-out in accordance with the ethical
standards of the 1964 Declaration of Helsinki.
2.2. Stimuli

Utterances of /put/, /but/, /pyd/, /byd/, /bon/, /pon/ consonant-
vowel-consonant (CVC) syllables were individually recorded by a
male native Canadian French speaker in a sound-attenuated room.
The speaker produced each syllable naturally, maintaining an even
intonation, tempo and vocal intensity. Audio digitizing was done at
44.1 kHz with 16 bits. All syllables were temporally aligned
according to their consonantal onsets and matched for intensity.

2.3. Procedure

The experiment was carried-out in a quiet, darkened room. Par-
ticipants sat comfortably in front of a computer monitor at a dis-
tance of approximately 50 cm. The acoustic stimuli were
presented at a comfortable sound level through two loudspeakers.
Participants underwent two identical experimental sessions fol-
or cortex in phoneme segmentation. Brain & Language (2009), doi:10.1016/
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lowing rTMS and sham stimulation (see below). The interval be-
tween sessions was 1 h. Each session included four tasks: a pho-
neme identification task, a syllable discrimination task, a
phoneme discrimination task, and a nonverbal visual matching
control task. The visual matching task was designed to control
for any nonspecific effects of rTMS that might affect performance.
The order of the tasks was fully counterbalanced across partici-
pants but was the same across the two sessions.

In all tasks, each trial started with a fixation cue (the ‘+’ symbol)
presented in the middle of the screen for 250 ms and ended with a
blank screen for 2500 ms. In the control task, the fixation cue was
followed by another fixation cue presented for 500 ms on either
the right, for half of the trials, or the left part of the screen (at a dis-
tance from the middle of approximately 5�). In the three auditory
tasks the same set of six nonsense consonant-vowel-consonant
(CVC) syllables was used (i.e., /put/, /but/, /pyd/, /byd/, /bon/, /
pon/). In the phoneme identification task, the fixation cue was fol-
lowed by the presentation of a nonsense syllable for 500 ms, begin-
ning with either /p/, for half of the trials, or /b/ (e.g., /put/, /bon/). In
the syllable and phoneme discrimination tasks, the fixation cue
was followed by the presentation of a pair of similar or dissimilar
nonsense syllables for 500 ms each, both beginning either with the
same or different bilabial consonants. In the syllable discrimination
task, the syllable pairs differed in their initial consonants for half of
the trials (e.g., /byd/–/pyd/) and were the same for the other half
(e.g., /put/–/put/). In the phoneme discrimination task, the initial
consonants were different for half of the pairs, with the final VC se-
quences similar or different (e.g., /pon/–/bon/, /bon/–/pyd/), and
were the same for the other half (e.g., /put/–/put/, /but/–/byd/).

Participants were instructed to produce a motor response as
fast and accurately as possible, by pressing, with either their right
index or ring finger, one of two keys corresponding to either left/
right position (control task), /p/ or /b/ (phoneme identification
task), similar/dissimilar syllables (syllable discrimination task), or
similar/dissimilar first phonemes (phoneme discrimination task).
The response key designation was fully counterbalanced across
participants.

Before starting the experiment, a complete training session was
performed, with the order of the tasks identical to that used in the
two experimental sessions. Before each task, instructions related to
the task were presented on the screen for 10 s. Because of the short
delay between tasks, six practice trials were included at the begin-
ning of each task and were removed from the analysis. Following
the practice trials, all tasks included 12 randomly presented trials
with the exception of the phoneme discrimination task (24 trials).
The total duration of the experiment was about 6 min. The exper-
imental design (task duration, number of trials) was selected be-
cause previous experiments with comparable rTMS parameters
have shown that effects of magnetic stimulation last up to
10 min (see Fitzgerald, Fountain, & Daskalakis, 2006, for a review).

2.4. MRI Localizer

Prior to the study, a high-resolution T1-weighted structural vol-
ume was acquired for anatomical localization in all participants.
Data were recorded on a 1.5 T Siemens Sonata MR scanner at the
Montreal Neurological Institute (matrix 256 � 256 mm, 160 slices,
1 � 1 � 1 mm, no gap, TE = 9.2 ms, TR = 22 ms).

2.5. Transcranial magnetic stimulation

TMS was applied with a 70-mm air-cooled figure-of-eight TMS
coil, driven by a high-speed magnetic stimulator (Magstim Rapid
1400, Wales, UK). Resting motor threshold (RMT) was determined
in the right first dorsal interosseus muscle and defined as the min-
imum stimulus intensity capable of evoking motor-evoked poten-
Please cite this article in press as: Sato, M., et al. A mediating role of the premot
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tials (MEP) in five out of 10 trials with an amplitude of at least
50 lV (Rossini et al., 1994). Each participant then underwent two
experimental sessions, consisting of either stimulations applied
over the left svPMC or sham stimulation applied over the same site
with identical coil position and acoustic artefacts. During both ses-
sions, participants wore earplugs because of rTMS-related noise
whereas head motion was restricted using a foam-padded head-
neck cradle. The two sessions were separated by a period of 1 h
to avoid plasticity effects in the excitability of the stimulated re-
gion, and were fully counterbalanced across participants. 600
pulses were applied at a frequency of 1 Hz, with a stimulation
intensity at 110% of individual RMT. These stimulation parameters
have been shown to produce inhibitory modulation of motor corti-
cal excitability, lasting up to 10 min (see Fitzgerald et al., 2006 for a
review). The stimulation site was located with frameless stereo-
taxy at the beginning of each session on the basis of each partici-
pant’s anatomical MRI scan. The MRI-to-head co-registration was
done using Brainsight TMS system (Rogue Research, Montreal,
Canada). For all participants, we used the average peak coordinates
in the left precentral gyrus found to be activated during both lis-
tening to and producing syllables in a previous study (Wilson
et al., 2004). This peak was located on the anterior lip of the central
sulcus on the border of areas 4a and 6 (Montreal Neurological
Institute (MNI) coordinates in mm: �50, �6 and 47). Two other
studies found similar peak activation in the precentral gyrus dur-
ing both syllable perception and production (Pulvermuller et al.,
2006: �54, �3 and 46; Meister et al., 2007: �53, �4 and 49). For
all participants, the stimulation site fell in the left svPMC (see
Fig. 1). None of the participants reported any side effects following
stimulation. The sham stimulation was performed by presenting
participants with recorded TMS noise mimicking actual stimula-
tion (600 pulses at a frequency of 1 Hz at a similar intensity level)
through loudspeakers and with participants wearing earplugs. The
coil was positioned over the left svPMC using the same localization
procedure as in the rTMS session but without actually presenting
any TMS stimulation. Participants were not aware that one of the
two sessions involved sham stimulation.
2.6. Data analysis

Outlier reaction times (RT), i.e., responses slower than 2000 ms,
were considered as errors (on average 1.8% (±3) and 2.3% (±3) in
rTMS and sham sessions, respectively). To statistically assess the
effect of various experimental conditions, two-way analyses of var-
iance (ANOVA) for repeated measures were performed on the per-
centage of correct responses and on the median RTs. RTs were
calculated from the onset of the second fixation cue in the control
task, from the onset of the presented syllable in the phoneme iden-
tification task, and from the onset of the second presented syllable
in the syllable and phoneme discrimination tasks. The independent
variables were the stimulation mode (rTMS, sham) and the task
(control, phoneme identification, syllable discrimination, phoneme
discrimination). The significance level was set at p < .05 and Green-
house–Geisser corrected when appropriate. When required, post-
hoc analyses were conducted with Newman–Keuls tests.
3. Results

3.1. Perceptual scores

The main effect of task was significant (F(3,27) = 4.34, p = .05 –
see Fig. 2), with a lower percentage of correct responses in the pho-
neme discrimination task than in the other tasks (on average, 98%
(±1) in the control task, 98% (±2) in the phoneme identification
task, 98% (±2) in the syllable discrimination task and 89% (±4) in
or cortex in phoneme segmentation. Brain & Language (2009), doi:10.1016/



Fig. 1. Example of localization of the stimulation site in the superior portion of the left ventral premotor cortex from surface rendering (A) and axial (B) and sagittal (C) views
taken from a structural MRI series of a participant.

Fig. 2. Percentage of correct responses (A) and reaction times (B) for each task after rTMS and sham stimulation. Error bars represent standard errors of the mean.
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the phoneme discrimination task; all p’s < .03). Neither the stimu-
lation mode (F(1,9) = 0.56) nor the interaction between the two
variables (F(3,27) = 0.20) were significant.
3.2. Reaction times

Significant differences were observed across tasks
(F(3,27) = 43.31, p < .00001), with faster RTs in the control task
and slower RTs in the phoneme discrimination task as compared
to the other tasks (on average, 395 ms (±27) in the control task,
730 ms (±49) in the phoneme identification task, 663 ms (±39) in
the syllable discrimination task and 846 ms (±65) in the phoneme
discrimination task; all p’s < .01). The main effect of stimulation
mode was also significant (F(1,9) = 14.62, p < .005), with slower
RTs after rTMS than after sham stimulation (on average, 686 ms
(±51) vs. 631 ms (±39)). Of main interest is the significant interac-
tion between the two variables (F(3,27) = 2.84, p = .05), with signif-
icantly slower RTs after rTMS than after sham stimulation only in
the phoneme discrimination task (909 ms (±80) vs 783 ms (±50);
p < .001; all other comparisons not significant).
4. Discussion

Compared to sham stimulation, low-frequency rTMS applied
over the svPMC had an effect on the response latencies in the pho-
neme discrimination task, which resulted in slower RTs without
affecting the accuracy of the response. No specific effect caused
by identical stimulation over the same cortical region was ob-
served in the phoneme identification and the syllable discrimina-
tion tasks, nor in the visual matching task. Before we discuss
these results, it is important to consider some inherent limitations
of the TMS technique, related to the duration of post-stimulation
effects and inter-participant anatomical differences (Federoes,
Tononi, & Postle, 2007; Fitzgerald et al., 2006). The stimulation
parameters for the present study were selected according to a re-
cent and comprehensive review of the literature on the effects of
stimulation of both motor and premotor cortex (Fitzgerald et al.,
2006). Notably, the selected stimulation parameters have been
shown repeatedly to produce inhibitory modulation of motor cor-
tical excitability lasting up to 10 min. As a result, the duration of
each experimental session was kept to about 6 min. Furthermore,
the stimulation site was localized for all participants using frame-
less stereotaxy and individual MRI-to-head co-registration.
Although we did not perform fMRI in order to individually deter-
mine the precise part of the left svPMC involved in speech percep-
tion, the stimulation site was the same as reported by Wilson et al.
(2004), and was very close to those reported in two other fMRI
studies (Meister et al., 2007; Pulvermuller et al., 2006). It is also
worthwhile noting that the peak coordinates within the svPMC re-
ported by Meister and colleagues (2007, p. 1693) was found to be
consistent across their fifteen participants (mean MNI coordinates
in mm ±SD: �53 ± 4 and �4 ± 4 and 49 ± 2), the maximum x, y, and
z distances between the peak coordinates (14, 12, 8 mm, respec-
tively) being compatible with the spatial resolution of TMS (Walsh
& Cowey, 2000). Finally, it is also likely that the rTMS effect ob-
served in the phoneme discrimination task was not due to nonspe-
cific attentional and/or sensory effects induced by the TMS pulses,
because no such effect was observed for the other auditory tasks
nor during the visual matching task.

In spite of these possible limitations, the specific increase of RT
in the phoneme discrimination task, and the absence of any effect
in the phoneme identification and syllable discrimination tasks, are
in line with previous brain imaging, rTMS and electrocortical map-
ping studies of speech perception and phonological processing.
Previous brain imaging studies on auditory phonological process-
Please cite this article in press as: Sato, M., et al. A mediating role of the premot
j.bandl.2009.03.002
ing have consistently reported left-sided activations of the poster-
ior (opercular) part of the inferior frontal gyrus and of the ventral
premotor cortex, in addition to temporal auditory regions (for a re-
view, see Démonet, Thierry, & Cardebat, 2005; Poldrack et al.,
1999; Vigneau et al., 2006). These studies typically involved pho-
neme monitoring and phoneme discrimination tasks in which par-
ticipants had to separate a phoneme from a continuous acoustic
signal in order to compare speech segments. For instance, Zatorre
and colleagues (1992, Zatorre, Meyer, Gjedde, and Evans, 1996)
and Burton et al. (2000) demonstrated increased frontal activity
near the border of the left inferior frontal gyrus and the premotor
cortex during a phoneme discrimination task, wherein participants
were required to discriminate initial or final consonants in pairs of
CVC syllables (e.g., /fat/–/tid/, /dip/–/ten/), compared to a pitch or a
tone discrimination task. Given the involvement of these regions in
the planning and execution of speech gestures (Bohland & Guen-
ther, 2006; Gracco, Tremblay, & Pike, 2005; Sörös et al., 2006), it
has been suggested that auditory-motor recoding and articula-
tory-based representations are recruited during phonological pro-
cessing depending on the use of phonemic segmentation and
working memory demands (Démonet, Price, Wise, & Frackowiak,
1994; Démonet et al., 1992; Zatorre et al., 1992, 1996; Burton &
Small, 2006; Burton et al., 2000; Hickok & Poeppel, 2000; Hickok
& Poeppel, 2004; Hickok & Poeppel, 2007). Our results are consis-
tent with this interpretation and provide direct evidence for the
functional participation of the svPMC in segmenting the speech
stream into constituent phonemes.

In addition to results from svPMC, it has also been shown that a
temporary disruption of the activity in the left posterior inferior
frontal gyrus by means of rTMS disrupts participants’ ability to per-
form phoneme discrimination (Romero et al., 2006). In that study,
participants were required to make same/different judgments on
visually presented word pairs, beginning with the same grapheme
but which could be translated into one of two possible sounds.
Compared to a baseline without TMS and rTMS over the vertex,
rTMS over the left inferior frontal gyrus increased RTs and de-
creased accuracy. Increased response latency after rTMS of the left
posterior inferior frontal cortex was also observed when partici-
pants had to decide whether two visually presented words rhymed
or not (Gough, Nobre, & Devlin, 2005). The similarity of our rTMS
results and those of Romero et al. (2006) and Gough et al. (2005)
involving visually presented words suggests that the inferior fron-
tal gyrus and the svPMC are both recruited for speech processing
under conditions of increased working memory demands and
articulatory rehearsal. Moreover, both areas appear to contribute
in a top–down or feedforward manner to influence temporal lobe
processing when phonemic segmentation is needed.

Despite this evidence, electrocortical mapping studies in epi-
lepsy surgery patients (Boatman, 2004; Boatman & Miglioretti,
2005) and our results for simple phonetic and syllable discrimina-
tion indicate that stimulating the left inferior frontal lobe or pre-
motor cortex does not impair participants’ ability to discriminate
CV syllables pairs in the absence of a sensory challenge or in-
creased task demands. Both phoneme identification and syllable
discrimination most likely rely solely on auditory analysis espe-
cially for syllable onset stop consonant voicing (Boatman, 2004;
Burton et al., 2000). These processes are not influenced by inhibi-
tory stimulation of the left premotor cortex or inferior frontal
gyrus. In contrast, the phoneme discrimination task required a
more complex analysis and segmentation of the sounds in the se-
quence (Burton & Small, 2006; Burton et al., 2000) and the disrup-
tive rTMS effect strongly suggests that the left svPMC plays a
functional role in speech segmentation recruited with increased
task demands especially working memory.

The present results argue for a tight connection between speech
perception and production systems (Aboitiz & Garcia, 1997; Aboi-
or cortex in phoneme segmentation. Brain & Language (2009), doi:10.1016/
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tiz, Garcia, Bosman, & Brunetti, 2006; Arbib, 2005; Callan, Jones,
Callan, & Akahane-Yamada, 2004; Hickok & Poeppel, 2000, 2004,
2007; Rizzolatti & Arbib, 1998; Skipper et al., 2007; Wilson & Iaco-
boni, 2006). Notably, these results are fully consistent with the
dual-stream model (Hickok and Poeppel, 2001, 2004, 2007) and
the recruitment of a dorsal auditory-motor circuit involved in
mapping sound onto articulatory-based representations. In this
model, it is proposed that early cortical stages of speech processing
involve auditory fields in the superior temporal gyrus. The ventral
stream then projects to frontal motor regions (i.e., the posterior
part of the inferior frontal gyrus and the premotor cortex), the pri-
mary function of which is to serve speech development and the
acquisition of a new vocabulary. When a child learns to articulate
speech sounds, it may provide a mechanism by which sensory rep-
resentations of speech can be stored and compared against articu-
latory production. This comparison would be used to shape future
productions. Importantly, the dorsal stream is not considered to be
a critical component of speech perception in adults under normal
listening conditions. Indeed, motor representations of speech are
thought to be used strategically to assist in working memory and
sub-lexical task performance, whenever translation of phonologi-
cal information to an articulatory code is required. Also consistent
with this view, the absence of any TMS-related modulation of par-
ticipants’ performance in both the phoneme identification and the
syllable discrimination tasks does not fit with an obligatory func-
tional role of the motor system in speech perception. From this
view, our results cannot directly account for some neurobiological
models (Callan et al., 2004; Skipper et al., 2005; Skipper et al.,
2007; Wilson & Iacoboni, 2006) which postulate, contrary to Hick-
ok and Poeppel’s dual-stream model, that speech motor centers
mediate speech perception under normal listening conditions, by
constraining phonetic interpretation of the incoming sensory infor-
mation. Note, however, that these models also assume that the
speech motor centers are strongly recruited depending on the
ambiguity of the sensory inputs, that is when the mapping be-
tween sensory information and phonetic categories is not suffi-
ciently deterministic. In light of the present results, this latter
proposal, recently confirmed by an rTMS study (Meister et al.,
2007), and indirectly supported by fMRI studies showing an in-
creased activation of the speech motor centers during the auditory
identification of non-native versus native phonemes (e.g., Callan
et al., 2004; Wilson & Iacoboni, 2006), during intelligible versus
masked or distorted speech (e.g., Binder, Liebenthal, Possing, Me-
dler, & DouglasWard, 2004; Zekveld, Heslenfeld, Festen, & Schoo-
nhoven, 2006), and during the audiovisual observation of
phonetically conflicting compared to matching vowels/syllables
(e.g., Jones & Callan, 2003; Ojanen et al., 2005; Pekkola et al.,
2006; Skipper et al., 2007) can be refined. It appears that the motor
system reacts to noise or novelty or mismatch by enhancing the
auditory signal to resolve signal ambiguity. In addition, when the
perceptual task requires additional signal processing, the motor
system is recruited to facilitate the processing requirements. From
this view, what could be the function of the motor activity ob-
served during passive speech perception (Fadiga et al., 2002; Oja-
nen et al., 2005; Watkins & Paus, 2004; Watkins et al., 2003,
2004; Pekkola et al., 2006; Pulvermuller et al., 2006; Roy et al.,
2008; Skipper et al., 2005; Skipper et al., 2007; Wilson & Iacoboni,
2006)? One possibility comes from task complexity, participants
being highly accurate in all three tasks with ceiling effects ob-
served in both the phoneme identification and the syllable discrim-
ination tasks. We cannot rule out the possibility that ceiling effects
might have prevented possible TMS-related modulation of partici-
pants’ accuracy to occur. Another possibility is that the motor sys-
tem does not play a critical role in speech understanding under
normal listening conditions and in the face of simple speech per-
ceptual demands. In that case, the involvement of the motor sys-
Please cite this article in press as: Sato, M., et al. A mediating role of the premot
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tem would not be strictly intrinsic to speech comprehension but
may facilitate conversational exchange by contributing to a com-
mon perceptuo-motor framework between speakers. In that case,
speech motor resonance may represent a dynamic sensorimotor
adaptation under the influence of the other talker’s speech pat-
terns, and in return may facilitate conversational interactions
through convergent behaviors (Pardo, 2006; Sancier & Fowler,
1997).

By demonstrating a mediating role of the svPMC in the pho-
neme discrimination task, the present results argue against the
view that speech perception relies exclusively on the auditory sys-
tem without any role of the motor system, as postulated in purely
auditory approaches of speech perception (for a review, see Diehl
et al., 2004). Conversely, the absence of any TMS-related modula-
tion of participants’ performance in both the phoneme identifica-
tion and the syllable discrimination tasks also challenges the
view that perceiving speech is solely mediated by an articulatory
code, as claimed in the motor theory of speech perception (Liber-
man & Mattingly, 1985; Liberman & Whalen, 2000; Liberman
et al., 1967). Speech perception is best conceptualized as an inter-
active neural process involving reciprocal connections between
sensory and motor areas whose connection strengths vary as a
function of the perceptual task and the external environment.
The observed disruptive rTMS effect suggests that the left svPMC
plays a functional role in speech segmentation and is recruited
with increased task demands under normal listening conditions.
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