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The present investigation was devoted to unraveling the time-course and brain regions involved in speech
segmentation, which is one of the first processes necessary for learning a new language in adults and infants.
A specific brain electrical pattern resembling the N400 language component was identified as an indicator of
speech segmentation of candidate words. This N400 trace was clearly elicited after a short exposure to the
words of the new language and showed a decrease in amplitude with longer exposure. Two brain regions
were observed to be active during this process: the posterior superior temporal gyrus and the superior part of
the ventral premotor cortex. We interpret these findings as evidence for the existence of an auditory–motor
interface that is responsible for isolating possible candidate words when learning a new language in adults.
© 2009 Elsevier Inc. All rights reserved.
Introduction

The present study was focused on understanding one of the initial
processes in language learning: speech segmentation. The difficulty of
the task lies in the lack of reliable acoustic cues that indicate where a
word begins and ends. Thus, unlike the blank spaces that appear
between printed words, the spoken acoustic signal could be
considered, in many respects, continuous. Listeners, therefore, must
parse the speech signal in order to start learning the new language.
Notice that this initial process of isolating words is mandatory for
subsequent language processes; for example, associating the possible
lexical trace with a specific meaning.

To segment the auditory stream into words, the learner could
exploit different acoustical cues such as allophonic variation, stress
patterns, prosody, or/and distributional cues such as phonotactic
regularities and transitional probabilities of syllable combinations
(see for a review Jusczyk et al. (1999)). In relation to the distributional
cues, several models have proposed the existence of a powerful
statistical learning mechanism in order to explain speech segmenta-
tion (Brent, 1999). Supporting this idea, several experiments have
shown that listeners are able to exploit the distributional properties of
the input, regardless of whether it consists of syllables, tones or visual
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information (Fiser and Aslin, 2001; Saffran et al., 1999), and it likely
proceeds in an incidental fashion (Saffran et al., 1997; Toro et al., 2005;
Turk-Browne et al., 2005). Thus, statistical learning is understood as a
domain-general mechanism that profits from the regularities of the
environment to drive learning.

The computational implementation of this hypothesis has been
successfully applied by connectionist models (Christiansen et al.,
1998; Elman, 1990; for a different account see Brent, 1997). The
underlying idea is that word boundaries are in locations where the
transitional probabilities between two sounds are low. In other words,
word boundaries can be inferred based on the fact that transitional
probabilities are higher for word-internal than for word-external pairs
of syllables. For instance, in the sentence “look, a balloon” the string
“ba/lloon” is more likely to occur together across other sentences than
the string “a/ba” as the latter string would not be heard in phrases
such as “the balloon”, “the red balloon”, etc. In fact, it has been
demonstrated in infants and adults that computing the transitional
probabilities between syllables is sufficient for isolating new words
that are embedded in an artificial continuous speech streamwhen no
acoustical cues are available (Saffran et al., 1996a,b). Remarkably, this
process is also accomplished by other animal species (Hauser et al.,
2001; Toro and Trobalon, 2005), highlighting its generality.

Interestingly, an alternative computational proposal suggests that
the formation of syllabic chunks might be the only process required to
isolate possiblewords (Perruchet and Vinter,1998). Accordingly to the
authors, a chunk can be considered that brings together the elements
that are at the attentional focus at a particular moment. In subsequent
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encounters with the initially formed chunks, those are forgotten or
strengthened according to the associativememory laws. In this regard,
recently Pacton and Perruchet (2008) have proposed a general
associative learning model that asserts attention as the necessary
and sufficient condition for associative learning to occur and in which
is included the formation of linguistic chunks. From this perspective,
statistical computations would come into play solely after chunks are
selected, and only for reinforcing or weakening the formed chunks
that are repeatedly selected or varied, respectively (Perruchet and
Pacton, 2006; Perruchet and Vinter, 1998).

During the last decade, the use of ERP measures has provided
important data about the cognitive mechanisms involved in speech
segmentation (Cunillera et al., 2006, 2008; Sanders et al., 2002; Sanders
and Neville, 2003a,b). Specifically, the N100 and the N400 ERP
components have been proposed as speech segmentation indexes
(Abla et al., 2008; Cunillera et al., 2006; Sanders et al., 2002). The N100
seems to be sensitive to word onset perception, whereas the N400
appears to indicate the identification of recently segmented words
(Abla et al., 2008; Cunillera et al., 2006; Sanders et al., 2002). In this
vein, the N400 component has been related to the learning process of
nonsense words and has been regarded as an indirect electrophysio-
logical brain signal that indicates that speech segmentation has been
accomplished. Recently, Abla et al. (2008) have explored the time-
course of the on-line segmentation process using non-linguistic items.
Specifically, participants listened to a continuous stream of tones
composed by groups of tri-tones organized randomly in a continuous
sequence. Participants were classified as high, middle and low learners
as a function of their behavioral performance in a target recognition test
that followed the segmentation phase. The authors measured ERP
responses corresponding to the average signal recorded separately in
three consecutive 6-min periods of the learning phase. For high
learners, the results showed enhanced amplitudes of the N400
component in the early session, whereas for the group of middle
learners the same enhancement was observed in a latter session. Low
learners did not show any ERP effect along the exposure to the tones
stream. The authors concluded that their results revealed the on-line
statistical learningprocess andmore important, that theN400 indicates
the degree of on-line statistical learning (see also Buiatti et al., 2009).

In the neuroscientific literature no clear hypothesis has been raised
about which brain mechanisms and regions might be involved in
statistical learning and, particularly, while segmenting the speech
signal into potential new words. Thus far, the only brain imaging
experiment that has studied speech segmentation (McNealy et al.,
2006) used functional Magnetic Resonance Imaging (fMRI) in order to
investigate the neural correlates of speech segmentation. The authors
showed that a left frontotemporal network was activated during the
on-line speech segmentation process. In particular, while listening to
the language streams composed of nonsense words, the activation of
the superior temporal gyrus (STG) was found to increase over time
correlating with an independent word discrimination task.

Several proposals in the context of language processing converge
with the idea that an auditory–motor interface that directly links the
auditory input with the motor representations of speech might
support the decoding of speech (Hickok and Poeppel, 2000, 2004,
2007; Scott et al., 2000; Scott and Wise, 2004; Wise et al., 2001). This
auditory–motor interface might engage the left posterior temporal
regions and the frontal regions, sustaining motor speech representa-
tions. Furthermore, it has been proposed that this dorsal circuit of
speech processing comes into play when it is necessary to keep
auditory representations in an active state during the performance of
a task (i.e., phonological short-term memory, Aboitiz et al., 2006;
Buchsbaum et al., 2005; Jacquemot and Scott, 2006; Scott et al., 2006).
More important to the present study, Hickok and Poeppel (2007) have
recently suggested that this dorsal network could also be involved in
the acquisition of new vocabulary, that is, in language learning. This
process might involve generating a new sensory representation of the
novel word by linking a sequence of syllables or segments while, at the
same time, the newly created traces guide the motor articulatory
sequences. This auditory–motor interface hypothesis is reminiscent of
the early motor theory of speech perception (Liberman andMattingly,
1985) and the hypothesis that word learning is mediated by the
phonological working memory loop (Baddeley et al., 1998). Indeed,
this auditory–motor interface is postulated to be very important in
speech development because speaking inherently requires fine-tuned
motor learning. This mechanism is proposed to be active in adults as
well (Hickok and Poeppel, 2000).

Objectives

The present study was devoted to exploring the time-course of the
on-line process of speech segmentation. Thus, the combination of
ERPs (Experiment 1) and fMRI (Experiment 2) allowed us first, to
closely inspect the time required for isolating novel words from fluent
speech, and in a second experiment to unravel the brain architecture
underlying the detection of word boundaries. Based on previous
findings, in the ERP experiment, we predicted a time-dependent
modulation of the N100 and N400 components associated with the
process of segmenting and, afterwards, recognizing the isolated words
(see Cunillera et al., 2006; Sanders et al., 2002).

Based on the hypothesis of an auditory–motor interface involved in
word learning, in the fMRI experiment, we predicted that this left
hemisphere auditory–motor network would be recruited during the
speech segmentation process. The reasons are the following: (i) the
process of speech segmentation involves keeping the incoming
syllable information active, (ii) this information is required either to
compute transitional probabilities (Cunillera et al., 2006; Saffran et al.,
1996b) or to create possible newword-templates or chunks (Perruchet
and Vinter, 1998), and (iii) the information from the isolated word
units might be feed-forwarded to the frontal cortex (premotor and
motor regions) in order to create corresponding motor articulatory
sequences. Most importantly, the activation of this network has to be
time-dependent: increased activation should be observed only during
the initial learning period (isolation of the word-like units) but not
after the new, possible token has been identified (time-dependent
hypothesis; Poldrack, 2000; Raichle et al., 1994).

Experiment 1

In the first experiment of this study, event-related brain potentials
(ERPs) were used to investigate the time-course underlying speech
segmentation in adult listeners who were exposed to language and
random streams.

Methods

Participants
After giving informed consent, fifteen healthy adult (5 males)

undergraduate Psychology students at the University of Barcelona
with normal hearing and no neurological impairment participated in
the experiment. All participants [mean age 23.4±4.9 (SD)] were
right-handed and were Spanish–Catalan native speakers. The experi-
ment was approved by the local ethical committee of the University of
Barcelona. All participants were paid at the end of the experiment or
received extra course credit for their participation.

Materials and procedure
Five language streams were developed with the same structure as

those originally created by Saffran et al. (1996a). Each streamconsisted
of 4 different trisyllabic nonsense words (e.g., pirutabagolitokudapir-
utagukibo…) with an exact duration of 232 ms per syllable. Nonsense
words were concatenated to form a text stream that was subsequently
transformed into an acoustic stream using the MBROLA speech
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synthesizing software (Dutoit et al., 1996; Dutoit and Gosselin, 1996),
which is based on concatenation of diphones and includes a Spanish
male diphone database at 16 kHz (available at http://tcts.fpms.ac.be/
synthesis/mbrola.html). Afterwards, the Cooledit software was used
to equate the length of all the streams into millisecond resolution,
which was necessary for the exact ERP triggering. Words were
concatenated in a pseudo-random order with the restriction that
there were no immediate repetitions of words. All phonemes had the
same duration (116 ms) and pitch (200 Hz; equal pitch rise and fall,
with pitchmaximum at 50% of the phoneme) in the language streams.
Thus, theflat acoustic stream thatwas created had no acousticmarkers
between words and, therefore, only statistical cues were available for
segmenting the possible words. The transitional probability between
the syllables forming awordwas 1.0, while the transitional probability
between syllables spanning word boundaries was 0.33. New syllables
were used for every language stream (see appendix). Because there
were not enough syllables for the 10 languages to be created, only one
syllablewas repeated in two streams. The stimuliwere displayed using
the Presentation 0.52 software (Neurobehavioral Systems). In 1min of
a language stream, each word was repeated 26 times. Based on a
previous behavioral experiment, the exact duration of all streams was
set to 8 min and 48 s in which the four words were repeated each one
208 times along the stream.

Five different auditory random streams were created as a Random
condition (e.g., “tatopidalirubagutarugopikubo…”). The idea under-
lying this condition is that participants could not extract or segment
any word because transitional probabilities could not be used in order
to identify clear word boundaries. With this aim, the transitional
probability across syllables was maintained equal; therefore, each
syllable within the random stream had the same probability to be
followed by any syllable of the corresponding language stream (the
transitional probability across all syllables was always 0.09).

During the experiment, participants were required to listen
carefully to the 10 streams of sounds and were told that their main
task would be to discover the words of those “alien” languages. The
first stream was always one of the languages that contained possible
words. The presentation order of the streams was randomized for
each participant with the only constrain that no more than two
streams of each type (language or random) followed each other.

After exposure to each stream, a two alternative forced-choice
(2AFC) behavioral test was administered to determine whether the
participants were able to identify the words heard previously. No ERPs
were recorded during this phase. The test comprised eight pairs of
auditory test items (a word and a part-word) that were randomly
presented. Part-words were made by the concatenation of the third
syllable of a word and the first two syllables of another word (3-1-2
part-words; e.g., rutaba, dapiru, bopiru, litoku) or the last two syllables
of aword and the first syllable of another word (2-3-1 part-words; e.g.,
tabago, golito, kudagu, kibopi). For random streams, test items were
composed of 16 different trisyllabic groupings. After the presentation of
each test pairing, participants had to press a response button indicating
whether it was the first or the second word in the pair that belonged to
the stream they just heard. The presentation of the next test pair was
not delivered until a response was produced. The order of presentation
ofwords and part-words in the test pairs was balanced. Brief rests were
allowed after each stream. The next stream began after listeners felt
comfortable enough to maintain their attention for the next stream.

Data acquisition and analysis
ERPs were recorded from the scalp using tin electrodesmounted in

an electrocap (Electro-Cap International) and located at 29 standard
positions. Biosignals were rereferenced off-line to the mean of the
activity at the two mastoid processes. Vertical eye movements were
monitored with an electrode at the infraorbital ridge of the right eye.
Electrode impedances were kept below 3 kΩ. The electrophysiological
signals were filtered on-line with a bandpass of 0.01–50 Hz (half-
amplitude cutoffs) and digitalized at a rate of 250 Hz. Trials with base-
to-peak electro-oculogram (EOG) amplitude of more than 50 μV,
amplifier saturation, or a baseline shift exceeding 200 μV/s were
automatically rejected off-line. ERPs were averaged for epochs of
1024 ms, starting 50 ms prior to the stimulus.

A mean amplitude measure of the 70–130 and 350–550 ms time
windows were taken in order to encompass the N100 and the N400
component, respectively. These mean voltage measures were sub-
mitted to an omnibus repeated measures analysis of variance
(ANOVA) including two within-subject factors: Word/Non-word
(language vs. random streams) and 15 levels of Electrode (F7, F3, Fz,
F4, F8, T3, C3, Cz, C4, T4, T5, P3, Pz, P4, and T6). This analysis was
carried out on data that was corrected using the vector normalization
procedure (Mccarthy and Wood, 1985). For all statistical effects
involving two or more degrees of freedom in the numerator, the
Greenhouse–Geisser epsilon was used to correct for possible viola-
tions of the sphericity assumption (Jennings and Wood, 1976). The
corrected P-value is reported.

Results

After the presentation of each language stream, a behavioral test
was performed inwhich participants were required to identify possible
words against a set of part-words. The mean percentage of recognition
of possiblewordswas67.3±10.2% (see Fig.1A),whichwas significantly
different from chance (one-sample t-test with chance level at 50%, t
(14)=6.58, Pb0.001). Thus, the listenerswere able to discover possible
words from the speech stream using only statistical cues.

Fig. 1B shows the ERP signature in each of the 2-minute blocks
pooled across the five languages and the five random streams
composing both conditions. Notice that the presentation of each
syllable (one every 232 ms) elicited a clear evoked potential auditory
pattern, showing the P50, N100, andP200 components. At thefirst block
(first 2min), a negative increasewas observed in the 350–550ms range
when comparing the Language against the Randomcondition; however,
this difference was not statistically significant (F(1,14)=3.06, PN0.05).
This difference reached significant values in the second block (2–4min;
F(1,14)=17.6, Pb0.001), and remained significant in the third and
fourth block [third block (4–6 min): Word/Non-words, F(1,14)=9.7,
Pb0.01; fourth block (6–8 min): Word/Non-words, F(1,14)=7.0,
Pb0.05)]. The observed N350–N550 component resembles the well-
known N400 component, which has been associated with lexical-
semantic processing (Kutas and Federmeier, 2000). No differenceswere
found in the N100 component across blocks or when comparing
language streams against random streams (all PN0.1).

Interestingly, in our study, the N400 component began to reduce
its amplitude in the third and fourth blocks, although remained highly
significant as it was expected based on the time-dependent hypoth-
esis (see Table 1). At Fz location, a significant quadratic trend was
encountered for the interaction between Word/Non-word and Block
(F(1,14)=4.84; P=0.045). In order to further investigate whether the
N400 component had already developed during the first 2 min, we
decomposed the first block into two 1-minute averages (see Fig. 1C).
As could be observed, a clear N400 component appeared in the second
minute of exposure (Word/Non-words, F(1,14)=8.6, Pb0.01), while
it was not present in the first minute (Fb1).

A subsequent behavioral experiment was conducted with 48 new
participants in order to further investigate the performance of
participants exposed to language streams of different durations (1,
2, 4, and 8 min, each language composed with different syllables)
using a Latin-square design. In convergence with the previous ERP
experiment, after just 1 min of exposure to the new language subjects
were able to isolate its constituent words (segmentation rate 69.6±
19.6%; t(47)=6.95, Pb0.001). Interestingly, performance was not
improved as a function of time (F(3,141)b1, PN0.5; 1-minute: 69.6±
19.6%, 2-minute: 71.7±22.4%, 4-minute: 72.7±18.8%, and 8-minute:

http://tcts.fpms.ac.be/synthesis/mbrola.html
http://tcts.fpms.ac.be/synthesis/mbrola.html


Fig. 1. (A) Percentage of correct segmented novel words in the behavioral test performed after the auditory presentation of streams for the ERP (n=15) and the fMRI experiment
(n=13). Circles represent individual values and stars correspond to the mean values of each condition. (B) Grand average ERP potentials at midline electrode locations (frontal—Fz,
central—Cz, and parietal—Pz) for the different Language (words) and Random (non-words) conditions for the four 2-minute blocks of exposure. Notice that words in the Language
stream developed a N400 component that showed its maximum during the second block. A significant interaction appeared in this time window when comparing the first and the
second block, showing the development of the N400 component in the second block. At the bottom, the scalp distribution (isovoltage spline interpolation) of this N400 component is
depicted for the difference (waveformwordminus non-word) in the second block. Notice the frontocentral distribution of this component. (C) The first blockwas further decomposed
into two 1-minute blocks in order to observe the incremental pattern of the N400 component. As it is clear, during the first minute, no significant N400 word-non-word differences
appeared. In contrast, in the second minute, a well developed N400 component showed a large difference between words (Language streams) and non-words (Random streams).
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74.9±19.7%; 1-minute vs. 8-minute: t(47)=−1.44, PN0.1), reflecting
a ceiling effect (∼70%) that was rapidly achieved.

Discussion

The results of the ERP experiment and the complementary
behavioral experiment clearly showed that after just a short exposure
Table 1
Effects of Word/non-Word (language vs. random streams).

Block Word/Non-word F(1,14) Word/Non-word×Electrode F(14,196)

1st 3.06 1.42
2nd 17.6+++ 6.65+++

3rd 9.7++ 3.31++

4th 7.0+ 3.37++

Results of the omnibus ANOVA for the N400 effect (Word/Non-words, Language vs.
Random streams) at the time-window of 350–550 ms.
Notes. +Pb0.05, ++Pb0.01, +++Pb0.001.
15 electrodes: F3/4, Fz, F7/8, C3/4, Cz, T3/4, T5/6, Pz, P3/4.
(1 min) to the language stream speech segmentation was rapidly
achieved. These results converge with those showing that infants
succeed in segmenting words after only 2 min of exposure to similar
language streams (Saffran et al., 1996a). Thus, as segmentation is an
obligatory step in word learning, the N400 might reflect the initial
protolexical trace that is created after isolating a given group of sounds
(word candidates). Consequently, after accomplishing this process,
listeners might begin to match the possible candidates with an
already-existing word or a meaningful reference in the world. This
hypothesis has been supported by a recent study in which 17-month-
old infants preferred to associate a visual referent to a novel
segmented word rather than to a part-word (Graf-Estes et al.,
2007). Both results point to the idea that new segmented words are
represented and stored as possible lexical candidates.

The involvement of the N400 in fast word learning has also been
reported in other studies addressing different aspects of word learning
(De Diego-Balaguer et al., 2007; McLaughlin et al., 2004; Mestres-
Misse et al., 2007; Mueller et al., 2008; Perfetti et al., 2005). In infants'
studies, a similar ERP negativitymodulationwith a frontal distribution
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was found in 14-month-old infants performing a fast learning object–
word mapping task (Friedrich and Friederici, 2008) and for known
compared to unknownwords in 19- to 22-month-old infants (Conboy
and Mills, 2006). Likewise, in a recent ERP study conducted with
20-month-olds infants, Mills et al. (2005) observed a larger N400 to
trainedwords paired previouslywith an object compared to untrained
words.

Interestingly, in our study, the N400 component began to reduce in
amplitude in the third and fourth blocks as was expected based on the
time-dependent hypothesis, although it remained highly significant.
This dynamic pattern of the N400 is similar to the one reported in Abla
et al. (2008) for a group of high learners using streams composed by
tones. In the present study, the inverted U-shape amplitude pattern
might reflect the interplay between the initial and mandatory speech
segmentation process (2–4 min of the learning phase) and the later
recognition process of the already-segmented words. Repeated words
develop a reduced N400 component (Rugg and Coles, 1995), which
might explain why the N400 component tends to be reduced with
longer exposure times. However, this hypothesis has to be confirmed
in further experiments.

Our results concur with and extend the interesting study of Sanders
et al. (2002) in which the comparison between trained vs. untrained
words of an artificial language showed a posteriorly distributed N400
component. However, as shown in Fig. 1C, the scalp distribution of our
N400 component was frontocentral. The differences observed in these
experiments might be attributed to the differences in the design. In the
present study, we specifically focused on the on-line learning process
of word segmentation while in the work by Sanders et al., the N400
component most probably reflected the effect of word-recognition (of
previously learned words) in a segmented language stream. In the
same vein, the authors proposed that changes in the amplitude of the
N100 component could index word segmentation. However, our
results point to the fact that when speech segmentation is explored
on-line (without previous training with the new possible words), the
N100 seems to maintain its amplitude across time, and, most
importantly, it does not seem to distinguish between a string of
random ordered syllables and a unitary group of syllables.

It seems so that in adult and infant studies a negative polarity
increase in the time range of 200–500 ms appears to be related to the
word learning process. In the present study, the N400 modulation
observed may reflect the learners' ability to extract the co-occurrence
statistics found in the syllabic language streams. Our interpretation of
the observed modulation of the N400 differs from the typical lexical-
semantic interpretation associated with it. While, for the latter, the
amplitude of the component decreases when lexical-semantic
integration demands are reduced (e.g., with repetition or semantic
contextual priming), the learning-related N400 shows the opposite
pattern, with progressive amplitude enhancement as a function of
increased exposure to the new-word (Mueller et al., 2008). In
addition, the topographic distribution of this learning-related N400
component is more frontocentral, whereas the classical semantic
N400 typically shows a right centro-parietal distribution (Kutas and
Federmeier, 2000). These differences in the dynamics and topography
of the N400 may indicate that these ERP modulations might not share
the same cognitive processes and neural generators.

Experiment 2

Using functional neuroimaging (fMRI) we evaluated the involve-
ment of the dorsal auditory–motor network in speech segmentation
(Hickok and Poeppel, 2007). An important aim of fMRI learning
designs is to observe increases and decreases in activation over the
training period (Poldrack, 2000). An increased activation of a brain
region concomitant to learning is assumed to indicate the engagement
of a particular cognitive process, or the development of new learning-
related representations (Friston et al., 1992; Poldrack et al., 1998;
Raichle et al., 1994). Thus, a particular regionmight remain active until
learning is accomplished and then decrease its activation (time-
dependent hypothesis). Based on the previous behavioral and ERP
results, the exposure to the languages and random streams we
employed in Experiment 1 was limited to only two blocks of 2 min
using a block fMRI design.

Methods

Participants
Thirteen new right-handed healthy native speakers of Spanish

(mean age 21.1±2.9 years; 12 women) participated in this experi-
ment. The experiment was approved by the local ethical committee of
the University of Barcelona. Written consent was obtained from all
participants. Participants were either paid or received extra course
credit for their participation at the end of the experiment.

Materials and procedure
We used four artificial languages, as described previously in

Experiment 1. The structure was the same as that in Saffran et al.
(1996a). Language and random streams were identical to those
described in the ERP experiment (see Appendix), but only two
language and two random streams were used in the present
experiment. Each participant was exposed to one language and one
random stream (different syllables formed the streams in each
condition). Half of the subjects were exposed to Language A and
RandomB and the other half were exposed to Language B and Random
A. Each functional run corresponded to one experimental condition
and lasted 8 min. Within each run, eight 30 s blocks of rest (OFF) were
interleavedwith eight 30 s task blocks (ON). The order of presentation
of the two experimental conditions was counterbalanced across
participants.

We used the Presentation 0.52 software (Neurobehavioral Sys-
tems) for stimulus presentation. Auditory stimuli were delivered
using MRI-compatible headphones with pneumatic sound transmis-
sion, which also attenuated the scanner noise. At the end of each
stream, the two alternative forced-choice test (2AFC) was presented
exactly as described in the ERP experiment.

Before the scanning protocol began, participants were instructed
to close their eyes throughout the whole run and were encouraged to
keep still and try to identify the words of the “alien” language that
were going to be presented. Participants were also informed, before
entering in the scanner, about the behavioral task presented at the end
of each run. At the end of the session the participants were debriefed.

Data acquisition and analysis
We collected fMRI images while the participants listened to 8 min

of alternating periods of 30 s of an artificial language, separated with
30 s of rest periods. In a different run, a Random streamwas presented
using the same on-off distribution. We restricted the amount of
exposure to the streams to 4 min (eight periods of 30 s) in accordance
with the previous ERP results, which showed that the critical time
window for speech segmentation occurs during the first 4 min.

Imaging was performed using a 1.5 T whole body MRI scanner
(General Electric Cardio Vascular System) with standard head coil. A
pillow and a restraining belt were used to minimize head movement.
First, an axial anatomical localizer image was acquired covering the
whole brain parallel to the anterior–posterior commissure plane using
T1-weighted sequence (slice thickness=5mm; gap=1mm; number
of slices=20; repetition time (TR)=460ms; echo time (TE)=14ms;
matrix=256×192; field of view FOV=26 cm). Subsequently, func-
tional images were obtained by using a single-shot T2⁎-weighted
gradient-echo EPI sequence (slice thickness=5 mm; gap=1 mm;
number of slices=20; TR=3000 ms; TE=50 ms; flip angle=90°;
matrix=96×64; field of view FOV=26 cm). Each functional run
consisted of 160 sequential whole-brain acquisitions.



546 T. Cunillera et al. / NeuroImage 48 (2009) 541–553
Preprocessing. Preprocessing steps were implemented using
Statistical Parametric Mapping (SPM99, Friston et al., 1995a,b, 1998).
First, for each participant, functional volumes were phase-shifted in
time with reference to the first slice in order to minimize purely
acquisition-dependent signal variations across slices. Second, head
movement artifacts were corrected based on an affine rigid body
transformation with reference to the first image of the first run. Third,
structural and functional data were coregistered and the mean
functional image was normalized to a standard stereotactic space
using the EPI derived MNI template (ICBM 152, Montreal Neurological
Institute) provided by SPM (Cocosco et al., 1997), using a 12-parameter
affine transformation along with a nonlinear transformation using
cosine basis functions. Functional EPI volumes were resampled into
4 mm cubic voxels and then spatially smoothed with an 8 mm full-
Fig. 2. (A) Rendered views in standard stereotactic space of the group average comparisons (O
and Right (R) hemispheres (for all activated regions, Pb0.001, corrected for spatial extent
segmentation process is occurring (see previous ERP figure), an increase of activation was
premotor area (BA 6) in the Language condition (compare these activations with the Rand
showing the spread of the posterior–anterior activation gradient in the left prefrontal cortex
first Language block, a more posterior region is recruited (ventral premotor, BA6, slices y=−
the Random condition, a clear activation is shown in the middle frontal gyrus (slices y=+
coronal views presented were superimposed on the canonical T1 MNI template. Values in t
width half-maximum (FWHM) isotropic Gaussian kernel to
accommodate residual anatomical differences across participants and
to increase the validity of the parametric statistical test (increasing the
fit of the data to a Gaussian field model).

Data analysis. The statistical evaluation was based on a least-
squares estimation using the general linear model for serially
autocorrelated observations after normalization for global effect by
proportional scaling (Friston et al., 1995a,b, 1998; Worsley and
Friston, 1995). The design matrix was generated with a boxcar
function that included a convolved hemodynamic response function,
and was temporally smoothed by convolution with a Gaussian kernel
of dispersion of 4 s FWHM. Each block comprised the four ON and
four resting (OFF) blocks. Contrast images were calculated for each
N–OFF periods) between the Language and Random conditions at each block for Left (L)
, 20 voxels cluster). Notice that during the first 2 min (first block), when the speech
noticeable in the posterior superior temporal region, middle frontal gyrus, and ventral
om and Language conditions in the second block; see Tables 2–3). (B) Coronal views
of the Language (first block) and Random (second block) conditions. Notice that in the
4 and y=4) and this same region is not recruited in the Random condition. However, in
20 and y=+28), which is also active in the Language condition (first block). These

he color scales refer to the t values of the corresponding contrast.



Table 2
Brain regions showing changes in activity comparing language/random vs. rest in the
first block.

Brain region ∼BA n. voxels Stereotactic coordinates P-value

x y z T peak

Language vs. rest
R PT (STG) 21/22 244 56 −20 −8 14.9 b0.001
pSTG 22 64 −44 −4 7.8 b0.001
MTG 21 60 −8 −20 6.9 b0.001

L PT (STS) 21/22 282 −64 −24 0 12.4 b0.001
STS 21/22 −48 −28 0 10.8 b0.001
MTG 21 −56 −8 −8 9.6 b0.001
pSTG 22 −60 −40 −4 7.2 b0.001

−64 −44 24
L Precentral G (PMC) 6 50 −56 0 44 6.8 b0.001
PMC 6 −52 −4 48 6.4 b0.001

Inferior frontal sulcus 44/9 −52 20 32 6.1 b0.001
PMC 6 −60 0 36 5.6 b0.001
IFG 44 −52 4 32 5.8 b0.001

SMA/anterior cingulate 6/8 51 0 28 44 6.0 b0.001
6 0 16 56 4.8 b0.001
6 0 8 60 4.7 b0.001

Random vs. rest
R PT (STS) 21/22 190 60 −20 −8 16.1 b0.001
MTG 21 56 −4 −16 8.3 b0.001

Posterior MTG 21 64 −36 −12 6.8 b0.001
L PT (STS) 21/22 207 −64 −32 4 9.7 b0.001
MTG 21 −52 −16 −12 8.7 b0.001
pSTG 22 −56 −40 4 5.5 b0.001
STG 22 −44 −36 8 4.5 b0.001

MNI coordinates and T value for the peak location in a particular identified anatomical
cluster (Pb0.001; 20 voxels spatial extent) for the statistically significant differences of
the corresponding activated regions. Reported also the P-value for the peak of
activation and the number of voxels in each cluster (n. voxels). BA=approximate
Brodman's area; L=Left hemisphere, R=Right hemisphere, IFG=inferior frontal
gyrus; MFG=middle frontal gyrus; IPL=inferior parietal lobe; STG=superior
temporal gyrus; pSTG=posterior superior temporal gyrus; STS=superior temporal
sulcus; PMC=Premotor cortex; PT=Planum Temporale; G=Gyrus.
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participant between the two conditions (Language and Random) and
the baseline condition through the block (the complete 8 blocks)
and within blocks (the four first blocks and the four ending blocks).
The individual contrast images were entered into a second-level
analysis using a one-sample t-test. Unless mentioned otherwise, the
threshold of the contrasts was Pb0.001, and only clusters with a
Pb0.001 (corrected for multiple comparisons) were reported
(Worsley and Friston, 1995). The maxima of suprathreshold regions
were localized by rendering them onto normalized T1 structural
Table 3
Brain regions showing changes in activity for Language / Random vs. Rest contrasts in
the second block.

Brain region ∼BA n. voxels Stereotactic coordinates P-value

x y z T peak

Language vs. rest
R PT (STS) 21/22 233 52 −20 −4 12.7 b0.001
MTG 21 64 −32 −4 8.1 b0.001
MTG 21 64 −28 −16 6.6 b0.001

L PT (STG) 21/22 258 −60 −20 0 13.9 b0.001
STS 21/22 −48 −28 4 7.5 b0.001
pSTG 22 −64 −36 8 6.1 b0.001

Random vs. rest
R PT (STS) 21/22 239 60 −20 −8 11.5 b0.001
L PT (STS) 22 251 −64 −24 8 11.7 b0.001
pSTG 22 −64 −36 −4 6.9 b0.001
MTG 21 −60 −4 −8 6.6 b0.001
STS 21/22 −48 −36 4 5.1 b0.001

L MFG (inferior
frontal sulcus)

9/44 44 −48 20 28 8.9 b0.001

MFG 46 −52 32 24 6.0 b0.001
IFG 44 −48 12 28 5.8 b0.001
images on the MNI reference brain (Cocosco et al., 1997). Maxima
and all coordinates are reported in MNI coordinates, and labeled
following the Talairach atlas.

Results

Themean percentage of segmentedwords was 68.3±16.6%, which
was different from chance [(50%), t(12)=3.96, Pb0.01], and indicates
that participants were able to segment the language stream (see Fig.
1A). The fMRI analysis was divided into two blocks of 2min each. Main
activation contrasts (Language vs. Rest and Random vs. Rest) in both
blocks are depicted in Fig. 2A (see activated regions in Tables 2 and 3).
During the first block, language segmentation clearly activated the left
superior temporal cortex, extending to the posterior temporal part
(pSTG). Furthermore, left superior ventral premotor cortex activation
(svPMC, BA6) was observed in this contrast, which also comprised
part of the inferior frontal cortex (opercular BA 44), and was not
present in the Random vs. Rest contrast (see Fig. 2B). During the
second block, these regions did not show differential activation when
compared to the rest conditions. This idea was confirmed studying
the interaction term [(Language 1st blockNLanguage 2nd block) –
Fig. 3. (A) Sagittal and axial views showing the interaction term [(Language 1st
blockNLanguage 2nd block) – (Random 1st blockNRandom 2nd block)]. Both regions,
the svPMC and the pSTG showed larger activation in the language condition during the
first block (PMC, x, y, z=−56, −8, 5; pSTG, −52, −44, 20). (B) Hemodynamic
responses for the region of interest reconstructed in the left ventral premotor cortex
(PMC, BA 6, center−56, 0, 44); L1=Language first block; L2=Language second block;
R1=Random first block; R2=Random second block. Notice the larger increase in
activation during the first block of exposure to the language. (C) Brain behavior
correlation analysis showing the correlation between the behavioral performance
(percentage of words recognized in the test-phase) across subjects and the activation
increase (individual T values) in the ventral PMC (peak −56, 0, 44) in the first block
(2 min) of Language exposure.



Fig. 4. Hemodynamic responses for four selected regions of interest. L1=Language first block; L2=Language second block; R1=Random first block; R2=Random second block.
Regions of interest (left to right): (A) left pSTG (BA22, center coordinates−64,−44, 24), (B) left anterior MFG (BA 45/46, center−52, 20, 32), (C) supplementary motor area (SMA,
BA6/8, center 0, 28, 44); (D) left middle temporal gyrus (BA 21, center,−64,−24, 0), depicted as a control non-task related area (no differences across blocks or conditions). Notice
the different pattern of activation in the first block for the Language condition in the pSTG when compared to the other condition and block. Horizontal axis: time [repetition time
(TR) units]. Vertical axis: mean percentage signal change.
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(Random 1st blockNRandom 2nd block)]. As it is shown in Fig. 3A,
both regions the svPMC and the pSTG were significant (PMC, x, y, z=
−56,−8, 5; t-value=2.9, Pb0.007; pSTG, coordinates−52,−44, 20;
t-value=3.4, Pb0.003), showing larger activation in the language
condition during the first block. Furthermore, the activation in the
svPMC was clearly observed in the direct contrast between Language
and Random conditions [(Language – Rest) – (Random – Rest)], but
only in the first block of exposure [peak coordinate: (−44, 8, 52);
t=3.35, Pb0.02].

Region-of-interest (ROI) analysiswas performed in order to confirm
these language segmentation-related findings. All ROI were function-
ally defined in the first block based on the peak activations in the
second level of the group activation maps found in the Language vs.
Rest contrast (Table 2). These regions covered the left posterior
superior temporal gyrus [BA 22, peak center coordinates (−64, −44,
24)], left superior ventral premotor region [BA 6, coordinates (−56, 0,
44)], left anterior middle frontal gyrus [BA 45/46, center coordinates
(−52, 20, 32)], supplementary motor area [SMA, BA6/8, center
coordinates (0, 28, 44)] and left middle temporal gyrus (BA 21)
[center coordinates (−64, −24, 0)].

The hemodynamic response function (HRF) was estimated in the
five selected regions by plotting the percent signal change for each
Table 4
Brain regions showing the alternating pattern of task-rest blocks changes in activity for Lan

d.f. L PMC L pSTG
F=, Pb F=, Pb

Type 1,12 0.6, 0.430 3.9, 0.069
Block 1,12 0.6, 0.107 3.9, 0.070
Type×Block 1,12 4.9, 0.045 20.2, 0.001
Type×time(t) 19,228 1.8, 0.124 3.4, 0.006
Block×time 19,228 1.9, 0.088 2.3, 0.042
Type×block×time 19,228 1.1, 0.385 2.8, 0.014
condition and block. In order to draw statistical differences in BOLD
signal changes random effects repeated measures analysis of variance
were conducted between Language and Random condition in each
block and defined region. Specifically, ROI averaged time series were
baseline corrected for each condition and then averaged across
participants. Afterwards, the HRF was estimated in each task period
for the (ON) and (OFF) condition.

Indeed, as is clearly shown in Figs. 3B and 4 (see the statistical
results in Table 4), a significant interaction was found between Block
and Type of stream (Language vs. Random) for the svPMC (Fig. 3B)
and the pSTG (Fig. 4A), indicating that the activation in the svPMC and
the pSTG was larger in the first block of exposure when compared to
the pattern observed in the Random condition. The interaction
Block×Type of stream was not significant for the supplementary
motor area (SMA) or the left middle frontal gyrus (lMFG) (Figs. 4B, C).
No differences were observed in the control non-task related region,
the left middle temporal gyrus, which showed no modulation for the
experimental conditions across blocks (Fig. 4D).

The crucial role of the superior ventral PMC in speech segmenta-
tion during the first block was also supported by the strong correlation
encountered between the activation of this region in the first block
and the percentage of segmented words at the end of the exposure to
guage / Random vs. Rest contrasts.

R pSTG Anterior cingulate L MFG L STG
F=, Pb F= , Pb F=, Pb F=, Pb

2.1, 0.177 0.4, 0.533 0.3, 0.617 1.2, 0.294
7.2, 0.020 2.4, 0.144 0.7, 0.426 0.3, 0.580
0.9, 0.359 4.4, 0.058 2.9, 0.111 2.9, 0.114
0.9, 0.504 1.1, 0.375 0.5, 0.766 1.2, 0.332
2.7, 0.027 2.7, 0.029 1.3, 0.243 1.5, 0.197
0.5, 0.847 1.2, 0.298 1.9, 0.100 0.7, 0.641
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the language streams (r=0.74, Pb0.004, see Fig. 3C). This correlation
was not significant for either the second-language block (r=0.4,
PN0.1) or for the same computations performed for the pSTG in both
the first and the second block.

Source reconstruction analysis of the ERP data
In order to study the possible cortical sources involved in the

generation of the N400 effect observed for the language conditions in
Experiment 1, we applied a source reconstruction analysis in the
second block, where this effect was observed to be maximum. The
difference waveform (word minus non-word) was analyzed using the
mean value of the grand average at the 350–550 ms time window.
Computations where performed under SPM 8. First, we coregistered
the 29 electrodes in a standard MNI head scalp. After that, we
computed the forward model in a 5294 vertices by using a three shell
spherical model (Ary et al., 1981). Finally, we applied the Multiple
Sparse Priors method (Friston et al., 2008) to compute sources
responsible for the generation of the N400 evoked potential. This
model automatically selects between either sparse or distributed
model on the bases of a Bayesian approach.

The results of the source reconstruction analysis showed very
similar results to the ones observed in the fMRI study. Possible neural
sources were observed at the premotor regions and also the superior
temporal gyrus, extending to posterior STG and inferior parietal cortex.
This pattern of activationwas larger in the left hemisphere (see Fig. 5).

Discussion

The brain network related to successful word segmentation
identified in the present study comprises the pSTG and the superior
ventral PMC. This auditory–motor network might allow listeners of a
new language to segment discrete sound units or possible “words”
from a continuous speech signal. The posterior superior temporal
gyrus (pSTG) has been related to phonological processing (Burton et
al., 2000; Celsis et al., 1999; Heim and Friederici, 2003; Hickok and
Poeppel, 2004; LoCasto et al., 2004; Zatorre et al., 1996). This region
has been found to be also activated when processing phonetic stimuli
Fig. 5. Possible neural sources of activation of the grand ERP, word minus non-word condit
possible to observe bilateral activation of the premotor cortex, superior frontal gyrus and le
hemisphere compared to the right one. Units of the colorbar are proportional to mV2.
that are not necessarily intelligible (Scott et al., 2000). Therefore, it
seems that upon hearing a word or a syllable, the mapping of acoustic
properties into phonemes is carried out in the left middle and
posterior STG, a region which has been involved in transiently storing
phonological information of perceived words (Wise et al., 2001).

The exact role of the inferior frontal gyrus in phonological processing
is still under debate (Bookheimer, 2002). However, several studies have
observed activation in the posterior superior region of the IFG (BA44/6),
extending to the PMC and, anteriorly, to the middle frontal gyrus in
phonological processing (Burton et al., 2000; Demonet et al., 1992; Fiez
et al.,1995;HeimandFriederici, 2003; Poldrack et al.,1999; Zatorre et al.,
1992, 1996). The role of the PMC in speech perception has also been
evidenced by various functional neuroimaging studies and single-pulse
transcranial magnetic stimulation (TMS) studies, which have shown
that this region aswell as themotor cortex is activated in passive speech
perception (Fadiga et al., 2002;Meister et al., 2007;Watkins et al., 2003;
Wilson et al., 2004). For the sake of comparison with the premotor
region observed in the present study, in Fig. 6 we have depicted the
activations in the PMC reported in various studies. These studies are
related to artificial language learning (Berns et al., 1997; Tettamanti et
al., 2002), speech segmentation (McNealy et al., 2006), phonemic and
speech discrimination (Burton et al., 2000; Meister et al., 2007; Zatorre
et al., 1992, 1996), new-word learning (Mestres-Misse et al., 2008, in
press; Wong et al., 2007), and passive listening (Pulvermuller et al.,
2006;Wilson and Iacoboni, 2006;Wilson et al., 2004). The activation in
the PMC region observed in the present study (see Fig. 6) clearly
intersects with the regions reported in these language related studies.
Thesephonological activations contrastwith those elicited in the left IFG
for semantic processing, which encompass anterior IFG regions (at the
border of BA45 and 47, Poldrack et al., 1999).

The current pattern of activations is very similar to that found by
McNealy et al. (2006) with an analogous artificial language segmenta-
tion task. Taking together the results of both studies, speech
segmentation seems to be clearly mediated by a frontotemporal
network. The main difference between these studies is the fact that in
the McNealy et al. study, the participants were not able to recognize
the nonsensewords in a subsequent behavioral test. In contrast, in our
ions between 350 and 550 ms in the second block (2–4 min). At the coronal slice it is
ft posterior temporal and inferior parietal gyrus. Notice the higher activation of the left



Fig. 6. Review of studies in which PMC activation is reported in relation to speech
processing, specifically dealing with artificial language learning (square), phonemic and
speech discrimination (stars), speech segmentation (circle), new-word learning
(rhombus), and passive listening (triangles). All peaks of activations were placed in
the MNI stereotactic space and were projected using MRIcron on a sagittal MNI single-
subject slice (X=−52). Peaks of activation depicted coming from the studies of
artificial language learning: Berns et al., 1997; Tettamanti et al., 2002; phonemic
and speech discrimination: Burton et al., 2000; Meister et al., 2007; Zatorre et
al., 1992; Zatorre et al., 1996; speech segmentation: McNealy et al., 2006; new-
word learning: Mestres-Misse et al., 2008; Wong et al., 2007; and passive
listening: Pulvermuller et al., 2006; Wilson and Iacoboni, 2006; Wilson et al.,
2004. Activation of the contrast Language (first+second block) vs. Rest (Pb0.001,
spatial extent, n=20 voxels, uncorrected) is overlaid on the same slice for the sake of
comparison with the peaks observed in the other studies.
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study, participants were able to segment the speech stream as
determined by the behavioral test and, moreover, segmentation
performance correlated with the activity in the PMC. It is likely,
however, that the differences in the behavioral results arose mainly
due to the different type of test administered to participants in both
studies. McNealy et al. employed a word discrimination task in which
in each test trial participants listened to a word or a part-word and
responded yes or no as to whether they considered each trisyllabic
combination was a word in the artificial language stream. In contrast,
in our study we used a forced-choice test inwhich a pair composed by
aword and a part-wordwas delivered to participants in each test trial.
Noteworthy, with a forced-choice paradigm, it is not possible to
discern whether a target (a word) is recognized or on the contrary,
whether is the non-target (a part-word) which is rejected.

Our pattern of results converges with the idea that transient
representations of the sequence of sounds of potential words are
formed in the pSTG during auditory perception of syllabic streams. As
predicted, this region might be acting as an auditory–motor interface
(Hickok and Poeppel, 2004) that transmits the segmented sequence of
isolated sounds as potential pronounceable words to the PMC (BA6/
superior–posterior IFG). It has also been proposed (Warren et al.,
2005) that a template-matching algorithm in the pSTG might allow
for the detection of coincidences between the stored auditory
memory representations or “phonological templates” derived from
previous exposures and the new incoming stimuli. The output of this
process should be an ordered sequence of auditory representations
that would be forwarded to the PMC. In the premotor areas, the
encoded sequence of sounds might be mapped into a sequence of
articulatory gestures, which would keep the segmented words active
through a rehearsal mechanism. In fact, the PMC has been associated
with the active maintenance of non-meaningful verbal representa-
tions through the articulatory subvocal rehearsal component of the
phonological working memory (Paulesu et al., 1993; Smith and
Jonides, 1998). This rehearsal mechanism might be crucial in the first
stages of learning unfamiliar new words (Baddeley et al., 1998),
reflecting the involvement of the phonological working memory
(rehearsal component) while segmenting possible words based only
on the computation of transitional probabilities.

More importantly, this idea is clearly supported in the present
study by the strong correlation observed between the PMC activation
in the first block and the percentage of words recognized at the end of
the learning phase (see Fig. 4B). Our speech segmentation task
demanded the tracking of the predictability of upcoming attended
stimuli (as possible words are repeated constantly and a specific
syllable in a word is always followed by another specific syllable) and
the premotor region may be involved in keeping this process active. In
fact, the premotor cortex responds to the prediction of auditory events
in a structured sequence (Schubotz et al., 2003). As reciprocal
connections exist between the PMC and the pSTG, the PMC might
be acting as a “top-down” mechanism that regulates the template-
matching process engaged in the pSTG. In fact, direct anatomical
connections between the PMC and the posterior superior temporal
regions exist through the arcuate fasciculus (Catani et al., 2005;
Hackett et al., 1999; Romanski et al., 1999).

Noteworthy, in the Language condition the activation of the left
PMC diminished after the first 2 min of exposition to the language
stream, which closely correspond to the time when we began to
observe in the ERP experiment a significant amplitude enhancement
of the N400 component. A possible explanation, in regard to the time-
dependent hypothesis, could be that words are rapidly segmented out
and afterwards repeated exposure to those words caused the
activation in the PMC to decrease. An alternative explanation would
be that the auditory–motor interface acts as an initial word learning
neural circuit which would be recruited only in the initial stages of
speech segmentation.

It is worth mentioning the convergence observed in the present
study between the neural network identified using fMRI and the one
provided from the ERPs using a new source reconstruction method
(Friston et al., 2008). Friston et al. (2008) have proposed that the
multiple sparse priors method, which uses no a priori constraints,
presentedmore than the 90% of explained variance of synthetic and real
data, and showedbetter spatial accuracy and less localization error than
two comparative methods (weighted minimum norm and realistic
model with coherence prior). In addition, sources found in the analysis
of real data (e.g., face processing) were located in a more plausible
ventral occipito-parietal physiological locations than the ones obtained
with the other two methods studied. Using this source reconstruction
method we showed as possible neural sources the dorsal auditory–
motor network, very similar to the observed fMRI pattern. Although the
complexityof linkingelectrophysiological andhemodynamic responses
is inherent (Friston et al., 2008; Kilner et al., 2005; Logothetis, 2002),
the high degree of convergence between both results in the present
study further support our interpretation about the involvement of the
auditory–motor network in speech segmentation.

Previous studies using source reconstruction in MEG experiments
have observed a fairly broad distribution of the scalp-recorded N400
component. Possible sources has been detected at the superior temporal
cortex for spoken (Helenius et al., 2002; Kwon et al., 2005) or printed
sentences (Helenius et al., 1998), including the middle temporal gyrus
and the temporoparietal junction, being these sources more consistent
in the left hemisphere. In a similar vein, using distributed source
modelling methods in MEG, Halgren et al. (2002) showed the time-
course of several N400 effects, evolving from the posterior half of the left
STG (at 250 ms), and spreading forward and ventrally to the temporal
lobe (at 365 ms). Afterwards, during the N400 time window large
activation was observed in the frontal lobe bilaterally, especially in the
incongruence conditions. Similar results using the N400 priming effect
have showed activation in the left STG and the left IFG (Marinkovic et al.,
2003). Overall, the neuropsychological, intracranial, and MEG results
converge to suggest that the neural generators of the N400 component



Language 1 Words PIRUTA, BAGOLI, TOKUDA, GUKIBO
Part-words RUTABA, TABAGO, GOLITO, LITOKU, KUDAPI, DAPIRU,

GOLIGU, LIGUKI, KIBOBA, BOBAGO, RUTAGU, TAGUKI,
KIBOTO, BOTOKU, KUDABA, DABAGO, GOLIPI, LIPIRU,
RUTATO, TATOKU, KUDAGU, DAGUKI, KIBOPI, BOPIRU

Language 2⁎ Words PABELA, DINEKA, LUFARI, JISODU
Language 3 Words MAJUPE, JEROGA, DEMUSI, FOLETI
Language 4⁎ Words PUKEMI, RAFINU, BINAPO, MEDOGI
Language 5 Words NONIGE, BULOTE, REMOFU, KOTUSA
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are located in a large portion of the temporal lobe as well as the inferior
prefrontal cortex (Halgren et al., 1994; Nobre et al., 1994; see also van
Petten and Luka, 2006).

Considering these N400 related studies, the source reconstruction
solution encountered in the present study seems very similar, pointing
to the involvement of the superior temporal gyrus. However, the
distribution of the N400 effect modelled (difference between non-
word and words) was more frontal than the standard parietocentral
distribution of the N400 component. This topographical difference
might be explained by the large involvement of the premotor regions
and probablymore anterior prefrontal regions. The frontocentral N400
component encountered in our speech segmentation experiment is in
agreement with the idea of the involvement of the inferior frontal
gyrus in pseudoword processing (Clark andWagner, 2003). Activation
in the precentral and inferior frontal gyrus has also been observed
when learning new words from congruent and incongruent contexts
(Mestres-Misse et al., 2008, in press), in phonological new-word
learning (Gronholm et al., 2005), in second-language learning of novel
pitch patterns of words (Wong et al., 2007) and statistical segmenta-
tion of tone sequences (using near-infrared spectroscopy, Abla and
Okanoya, 2008). Similar frontal shifts in the N400 component have
been observed in other speech segmentation tasks using ERPs (see De
Diego-Balaguer et al., 2007; Abla et al., 2008). This involvement of
precentral and inferior frontal regions in word learning might explain
the different topography observed in several studies for the N400 in
new learned words. It would be interesting to investigate in follow-up
EEG–fMRI combined recordings, in which degree the neural hemody-
namic activations could be used as spatial priors to constrain
equivalent dipole or distributed estimates of the N400 component
observed during speech segmentation (Dale et al., 2000).

All in all, the auditory–motor brain network identified for speech
segmentation might be essential for second-language learning and,
most probably, for language acquisition in infants (Doupe and Kuhl,
1999; Warren et al., 2005). Language perception and production in the
developing infant brain requires a specific tuning to the language sounds
encountered during the first year of life. First words imitated by a child
are guided by the “gestural” features of the sound, i.e. by the actions of
the mouth rather than by a sound's acoustic features (Studdert-
Kennedy, 1987). Because perception and production of sounds are so
closely tied from the first years of life, it is possible that the dorsal
auditory perception stream might play an important role during
language acquisition (Hickok and Poeppel, 2007). This dorsal stream
might recruit the posterior superior temporal regions for encoding and
storing sequences of sounds and acting as a sensory-motor interface via
the participation of the PMC. Importantly, the identified pathway must
also be related to the brain network subserving imitation of simple
movements (Iacoboni et al., 1999). In fact, the ability to mimic sounds is
essential for learning a new language. This idea has been revitalized by
the discovery of mirror neurons, recorded in macaques in the
homologue of the ventral PMC region (including the superior part of
Broca's region) and in humans (Fadiga and Craighero, 2006; Rizzolatti
and Arbib, 1998). These specific audiovisual mirror neurons discharge
not onlywhenperformingandobserving a specific action, but alsowhen
hearing a specific sound representative of the observed action (Kohler et
al., 2002). Mirror neurons also provide a mechanism for integrating
perception and action at the neuronal level, which, at the same time,
might contribute to various developmental processes such as the
imitative behavior of infants, the necessity to integrate perceived and
performed actions (Meltzoff andDecety, 2003) and communicative acts
(Rizzolatti and Arbib, 1998).

Conclusions

Recently, much progress has been made in the identification of the
brain mechanisms involved in language learning, but much still
remains to be done (Gullberg and Indefrey, 2006; Kuhl, 2004). In the
present study we investigated the time-course and brain regions
involved in segmenting a new language. The brain network involved
in this process recruited, selectively, the pSTG gyrus and the superior
part of ventral PMC (superior IFG). After a short exposure towords of a
new language, the brain appears to elicit a protolexical trace,
evidenced by the appearance of the N400. As speech segmentation
is pivotal at the early stages of language learning, the described
auditory–motor network for speech segmentation might be essential
for second-language learning and for language acquisition in infants.
Further studies will be needed to disentangle the exact role of the
different brain structures previously described, how they interact, and
how exactly they contribute to statistical learning, speech segmenta-
tion, and language learning in general.
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Appendix

Artificial languages used in the ERP experiment. Part-word
construction in each language followed the same structure as
exemplified in the first language.

⁎Language streams used in the fMRI experiment. Random stream
were constructed as a result of combining the syllables of these
languages streams.
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