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Abstract
This study examined the neurophysiological mechanisms of speech segmentation, the process of parsing the continuous speech
signal into isolated words. Individuals listened to sequences of two monosyllabic words (e.g. gas source) and non-words (e.g. nas
sorf). When these phrases are spoken, talkers usually produce one continuous s-sound, not two distinct s-sounds, making it
unclear where one word ends and the next one begins. This ambiguity in the signal can also result in perceptual ambiguity, causing the sequence to be heard as one word (failed to segment) or two words (segmented). We compared listeners’ electroencephalogram activity when they reported hearing one word or two words, and found that bursts of fronto-central alpha activity
(9–14 Hz), following the onset of the physical /s/ and end of phrase, indexed speech segmentation. Left-lateralized beta activity
(14–18 Hz) following the end of phrase distinguished word from non-word segmentation. A hallmark of enhanced alpha activity is
that it reflects inhibition of task-irrelevant neural populations. Thus, the current results suggest that disengagement of neural
processes that become irrelevant as the words unfold marks word boundaries in continuous speech, leading to segmentation.
Beta activity is likely associated with unifying word representations into coherent phrases.

Introduction
To comprehend spoken language, listeners must parse phrases into
individual words. The process of word segmentation would be easy
if the acoustics of speech changed in predictable, invariant ways at
word boundaries, i.e. if silent gaps marked word boundaries (Peña
et al., 2002; Mueller et al., 2008; Buiatti et al., 2009). Although
many acoustic cues can signal a word boundary (e.g. syllable duration and amplitude modulation), they most likely reﬂect probabilistic
information about the presence of a boundary, rather than providing
clear, disambiguating information (Nakatani & Dukes, 1977; Peña
et al., 2002; Mattys & Melhorn, 2007). This variability in the clarity
of acoustic cues requires the perceptual system to recruit other
sources of information (e.g. lexical, sentential) to ensure accurate
segmentation (Cole et al., 1980; Norris & Cutler, 1988; Saffran
et al., 1996; Mattys et al., 2005; Sell & Kaschak, 2009).
Neuroimaging methods, such as electroencephalography (EEG),
provide superb temporal resolution, and thus are particularly well
suited for studying segmentation, especially revealing the time
course with which acoustic (bottom-up) and contextual (top-down)
cues are integrated. To date, few studies have taken this approach.
Sanders et al. (2002) reported that an increase in the N1 (approximately 100 ms) auditory-evoked potential (AEP) following the
boundaries of newly learned words was associated with speech segmentation. However, in a subsequent study, this interpretation was
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revised, attributing the N1 effect instead to changes in temporal
attention (Sanders et al., 2009). In another study, Cunillera et al.
(2008) suggested that the P2 AEP (approximately 200 ms), cued by
stress patterns in speech, indexed segmentation. Notably, this study
showed that segmentation was enhanced when primary stress
occurred on the ﬁnal syllable of trisyllabic words, thus informing
the auditory system of an impending word boundary.
The current study builds on this work, examining word segmentation in a very controlled environment to identify its neural correlates. We used EEG to measure brain activity while adult native
English listeners heard pairs of monosyllabic words and non-words
in which the last phoneme of the ﬁrst word and the ﬁrst phoneme of
the second word were both /s/ (e.g. gassource, nassorf). When such
sequences are spoken in conversation, talkers generally produce a
single, somewhat elongated /s/, not two distinct s-sounds, which
causes the word boundary to be blurred. In fact, the non-word
sequences (e.g. nas sorf) are perceptually unstable, with listeners
reporting them as one-word (nasorf) or two words (nas sorf) about
50% of the time (see Results). This ambiguity makes these
sequences ideal for examining the neural mechanisms associated
with segmentation. Differences in neural activity associated with
one-word vs. two-word percepts can be attributed solely to processes
associated with segmentation.
The perception of a boundary in acoustic and speech signals, such
as a gap, is known to evoke a robust response in the auditory cortex
(Riecke et al., 2009; Shahin et al., 2009, 2012). In particular, these
studies showed that auditory theta band activity (4–8 Hz), and N1
and P2 AEPs index the onset and offset of interruptions (i.e.
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segmentation) in acoustic signals. We therefore reasoned that we
should observe greater N1/P2 and/or theta band activity when individuals segment, as opposed to when they fail to segment. Furthermore, a 30-ms gap separating two non-words (e.g. nas-30 ms-sorf)
should enhance segmentation (Peña et al., 2002; Mueller et al.,
2008; Buiatti et al., 2009), and this enhancement should be
observed in the dynamics of theta activity and the morphology of
the N1–P2 AEPs. Accordingly, we examined neural activity with
and without a gap with the aim of distinguishing bottom-up from
top-down cues to segmentation. Speciﬁcally, we expected individuals to segment more often and observe greater theta and/or N1 and
P2 activity upon discerning a physical word boundary (gap) than
one imposed by the listener, but not present in the signal (no physical gap). Neural activity due to segmentation should occur during or
following the s-sound linking the two words.

Materials and methods
Subjects
Eleven healthy hearing native English speakers [age = 24 ± 7 years
(mean ± SD); ﬁve females] were recruited for this study. This study
was approved by the Institutional Review Board of the Ohio State
University (IRB approval # 2010B0178). Informed consent was
obtained from all participants in accordance with the IRB guidelines.
Stimuli
Monosyllabic pairs of words (40) were chosen and paired together
in which the ﬁrst word ended with an /s/ and the second began with
an /s/ (e.g. gas source). Only words that did not contain an embedded word when the /s/ was removed were used (e.g. removal of /s/
in purse yields pur). A corresponding set of non-word pairs was created by altering the initial phoneme of the ﬁrst word and the ﬁnal
phoneme of the second word (e.g. nas sorf; Fig. 1). An additional
80 stimuli were created by taking each word and non-word pair,
and inserting a 30-ms gap of silence in the middle of the /s/ frication. Although barely audible to the listener, the purpose of these
gap-inserted stimuli was to assess acoustic boundary inﬂuences on
speech segmentation.
The word and non-word pairs were recorded by a male talker
using a Tascam HDP2 digital recorder and an Electrovoice N/D
308A microphone. Stimuli were digitally transferred to a microcomputer (16 bit, 48 000 kHz) and, using speech-editing software, each
pair was saved as a separate sound ﬁle. Word pairs averaged
882 ms in duration and non-word pairs 912 ms. To ensure that any
differences in brain responses to stimuli could not be attributable to
differences in the acoustic realization of the medial /s/ frication, a
single token was used in all word and non-word pairs. The token
was chosen whose duration (196 ms) was closest to the average
across the word pairs. It was then spliced out of its context and
replaced the medial frication in each stimulus.

Fig. 1. Temporal and spectral representations of one example phrase (nas
sorf) containing two non-words.

consisted of three sessions about 25 min each. In each session,
participants listened to different sequences of two-word or two-nonword monosyllabic phrases presented randomly with a variable
inter-stimulus interval of 2.5–3 s. We used an intermixed design to
limit expectations and thus minimize responses due to guessing. The
stimuli were presented using Presentation software (Neurobehavioral
systems, Albany, CA, USA). There were 400 presentations (trials)
in each session; 160 trials consisted of intact non-word phrases, 80
trials consisted of non-word phrases with a gap, 80 trials consisted
of intact word phrases, and 80 trials consisted of word phrases with
a gap. This resulted in greater signal to noise ratio for the percept of
most interest (intact non-word phrases). However, at the same time
this trial structure resulted in a comparable number of trials between
non-word and word phrases when segmented (identiﬁed as two
words), because individuals segmented more often for word than
non-word phrases (see Results). For each trial, subjects made a judgment on whether they perceived the phrase as one ‘word’ (did not
segment), by pressing a button using their left middle ﬁnger; or as
two ‘words’, by pressing a button using their left index ﬁnger.
Subjects were instructed to respond as soon as possible. During the
session, subjects ﬁxated their vision on a white cross in the middle
of the television screen.

Procedures
EEG was recorded using a 64-channel cap (10–20 system, Ag–AgCl
electrodes, 1024 A/D conversion rate; BioSemi ActiveTwo system,
Amsterdam, the Netherlands) in a sound-attenuated room, with
Common Mode Sense and Driven Right Leg passive electrodes
serving as grounds. Subjects sat approximately 1 m in front of a
24-in LCD monitor, and wore insert Etymotic ER-4B earphones
(Etymotic Research Elk Grove Village, IL, USA). The experiment

Data analysis
Behavior classiﬁcation
Percept types (e.g. response type) were classiﬁed as either segmented or non-segmented for each of the stimulus types (intact
word, intact non-word, gap–word and gap–non-word). For each
individual, the number of responses for each of the segmented and
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non-segmented percepts was then normalized to a percentage of all
responses within a stimulus type; t-tests (Bonferroni corrected for
number of contrasts) examined effects due to percept types within
each stimulus type. Also, t-tests were used to assess effects due to
the 30-ms gap for non-word and word stimuli separately. In that
case, the t-tests contrasted the percent difference (segmented – nonsegmented) between intact non-word and gap–non-word phrases,
and between intact word and gap–word phrases.
Reaction time (RT)
For each percept type, RT was measured as the time from the onset
of /s/ to response (button press). RTs were contrasted between stimulus types or percept types using t-tests, Bonferroni corrected for
number of contrasts.
EEG
Using EEGLAB (Delorme & Makeig, 2004) and an in-house MATLAB code, EEG ﬁles for all blocks for each individual were combined into one grand continuous ﬁle and then epoched around
phrase onset (regardless of stimulus or percept type) into a continuous ﬁle of 3500-ms segments, which included a 1000-ms pre-phrase
period. The resulting epoched ﬁles were subjected to independent
component analysis (ICA). All ICA component topographies and
waveforms were inspected manually for artifacts. ICA components
that represented ocular (blinks and eye movements) and muscle
(high-frequency activity at frontal and temporal sites) artifacts were
rejected (mean 9/64 components per subject; range 6–13 components). In addition, ICA-corrected trials containing amplitudes of
± 200 lV or greater in any channel were automatically rejected.
The corrected ﬁles were then average-referenced and baselined to a
500-ms pre-stimulus interval ( 1000 to 500 ms). Then, trials of
each stimulus type (intact word, intact non-word, gap–word or gap–
non-word) and percept type (segmented and non-segmented) were
extracted and combined into separate ﬁles. On average (per subject)
and for segmented and non-segmented percepts, respectively, the
intact non-word phrases had 198 and 232 trials, the gap–non-word
phrases had 111 and 100 trials, the intact word phrases had 189 and
19 trials, and the gap–word phrases had 187 and 25 trials. Individual
ﬁles for each stimulus and percept type were further epoched three
ways: (i) 3000-ms segments time-locked to the onset of /s/, which
included a 1000-ms pre-frication period (main analysis); (ii) 3000ms segments time-locked to the onset of the phrase, which included
a 1000-ms pre-phrase period (supplementary analysis); (iii) 2500-ms

segments time-locked to the response, which included a 2000-ms
pre-response period (supplementary analysis). In the main analysis,
while there was no physical boundary along the frication (/s/), we
posited that the perception of word boundaries should be referenced
to a point in time along the /s/. As a reminder, the /s/ duration was
constant across all stimuli, and thus time-locking the EEG activity
to any point along the frication should yield similar information.
The supplementary analyses were done to assess whether activity in
the main analysis was unique to the boundary between words /s/, or
also inﬂuenced by the onset of phrase or response.
AEPs
Using the above-epoched ﬁles of the main analysis, AEP waveforms
time-locked to onset of medial /s/ were extracted for each individual,
stimulus type (e.g. word, non-word), percept type (segmented, nonsegmented) and channel. Individual AEPs were pass-band-ﬁltered
between 0.5 and 30 Hz, using a zero phase shift Butterworth IIR
ﬁlter.
There were two dilemmas for conducting peak analyses of AEPs.
First, the waveforms for the intact non-word and word stimuli did
not have clearly identiﬁable P1, N1 or P2 AEP peaks even at the
group average level (Fig. 2, left). Second, the AEPs for the nonsegmented percepts of the word stimuli (intact and with gap) had
too few trials (on average less than 25 trials) to be considered as
plausible AEPs. The only group average discernible AEPs were
observed for the segmented gap–non-word (Fig. 2, right) and gap–
word stimulus types at the left channels F1, F2, FC1 and FC2
(visual inspection). Accordingly, because of the above limitations,
AEPs were not analysed further.
Oscillatory activity
Spectrograms of event-related spectral perturbation (ERSP) and
inter-trial phase coherence (ITPC), using time–frequency (TF) analysis implemented by the timef.m function of EEGLAB, were generated for each subject, channel, stimulus type and percept type.
ERSP represents the distribution of spectral power of brain activity
across time and frequency. ITPC represents the distribution of the
inter-trial phase-locking index (PLI) across time and frequency.
It should be noted that PLI is a continuous measure ranging between
perfect phase-locking (PLI = 1) or phase-independence (PLI = 0),
although these limits are practically never reached (Tallon-Baudry
et al., 1996). PLI is indicative of the degree of temporal alignment
of auditory responses to sound characteristics (e.g. onset of a gap).

Fig. 2. Group average waveforms contrasting AEPs for segmented (black color) and non-segmented (gray color) percepts for intact non-word (left) and nonword with gap (right) stimulus types.
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We included the ITPC analysis to demonstrate that the reported
spectral power effects are unlikely to be related to the phase-locked
evoked activity (e.g. AEPs). The frequency ranges for the TF analyses
were limited to 4–50 Hz. TF analyses used a sliding Hanningtapered window sinusoidal wavelet-based discrete Fourier transform
of the time-domain signal with a step size of 12 ms and frequency
increments of 1 Hz. The sliding window was 500 ms in length at
the lowest frequency (4 Hz, 2 cycles) and linearly decreased in size,
reaching 250 ms at the highest frequency (50 Hz, 12 cycles). Poststimulus activity of the ERSP data was baselined to a 500-ms prefrication interval of 1000 ms to 500 ms for the main analysis
(time-locked to the onset /s/) and when analysis was time-locked to
onset of phrase. When analysis was time-locked to response, poststimulus activity of the ERSP data was baselined to a 500-ms
pre-response interval of 2000 to 1500 ms. These baselines were
chosen to avoid smearing of post- and pre-trigger activity as well as
avoid smearing of post-trigger activity with phrase-onset evoked
activity, which occurred approximately 260 ± 60 ms (mean ± SD)
prior to the onset of /s/.
Non-parametric permutation tests (Chau et al., 2004) were conducted to compare spectral power (and, when appropriate, ITPC)
differences between conditions at all channels for each time and frequency bin 12 ms by 1-Hz bins). Permutation tests do not assume
an explicit parametric form for the population distribution; but, they
derive the distribution by resampling the data. Under the null
hypothesis of no condition effect, randomly assigning the condition
label to the subjects would produce a distribution of observations
similar to that of the population (chance) distribution (termed null
distribution). By comparing the null distribution from resamplings
against the observations, one can determine whether to accept the
null hypothesis for a given Type I error. The null distributions were
derived from a 250-ms pre-stimulus period ( 750 to 500 ms, 20
time-points per channel) of the maximum values obtained in
repeated resamplings (2000 permutations at P = 0.005, or otherwise
speciﬁed) of the data of all channels to account for multiple comparisons and improve statistical power (see Chau et al., 2004 for
detailed description of the method).

Results
Behavior
Classiﬁcation
The data in Fig. 3 show how individuals classiﬁed (segmented or
non-segmented) stimulus types. Individuals on average identiﬁed the
non-word phrases 55% of the time as one word and 45% as two
words (t-test, P > 0.5), which conﬁrms the instability of boundary
judgment for non-word phrases. Recall that half of the stimuli
contained a 30-ms gap to measure segmentation when a clear, bottom-up boundary cue was present. Individuals classiﬁed the gap–
non-word phrases 48% of the time as one word and 52% as two
words, suggesting that a 30-ms subliminal silent gap separating
words did not inﬂuence segmentation. To verify this, a t-test on the
classiﬁcation difference (perceived two words – perceived one word)
of intact non-words vs. gap–non-words phrases revealed that there
was no effect due to gap on classiﬁcation (P > 0.05).
As for word classiﬁcation, individuals identiﬁed the word phrases
(intact and with gap) as two words about 85% of the time (all 11
subjects showed this tendency, t-test, P < 0.00001 or better). There
was no difference in classiﬁcation between phrases of intact words
and gap–words classiﬁcation (P > 0.25, t-test on the classiﬁcation
differences). The word classiﬁcation results highlight the pronounced
inﬂuence of context on segmentation and emphasize that individuals
were performing the task as instructed, that is, basing their decision
of all stimulus types on perception rather than merely guessing.
RT
RTs (time period from the onset of /s/ to button press) did not differ
between the intact phrases and phrases with gaps for each stimulus
type (t-test, t10 = 0.4, P > 0.5 or higher). However, RTs between
segmented and non-segmented phrases (collapsing across the intact
and gap phrases) were signiﬁcantly shorter for the segmented
phrases of the word stimuli only [t-test, t10 = 3.5, P < 0.005, RT
for segmented = 1109 ± 194 ms, non-segmented = 1264 ± 253 ms
(mean ± SD)]. Also, RTs were faster for words than non-words
(collapsing across intact stimuli and ones with gap) for the segmented phrases only [t-test, t10 = 5.1, P < 0.0005, segmented nonword = 1240 ± 193 ms (mean ± SD)].
EEG
Oscillatory activity

Fig. 3. Mean classiﬁcation percentages (perceived one word or two words)
for intact non-word, non-word with gap, intact word, word with gap phrases.
Bars represent one standard deviation.

We began the analysis by contrasting spectral power between the
intact stimuli and gap-stimuli within each stimulus type (for words
and non-words separately) of the segmented and non-segmented
percepts. The reason for these contrasts was to investigate whether
the presence of a gap inﬂuenced the neurophysiology for the same
percept types. If so, then it would provide a means of dissociating
bottom-up cues to segmentation (gap) from those generated by
higher-level information. These contrasts were performed using permutation tests, and did not reveal any signiﬁcant effects in spectral
power between intact and gap-stimuli (even at the relaxed threshold
of P < 0.05). Thus, subsequent analyses of spectral power collapsed
across the intact and gap-stimuli. Although one might prefer to
remove the gap-stimuli from the analyses, it was necessary to
include them to ensure that the analyses yielded stable results.
The following three focused analyses explored the changes due to
speech segmentation. (i) To identify the neural correlates of segmentation, spectral power was contrasted between segmented and
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non-segmented phrases without regard to stimulus type (ERSPs used
were those generated when collapsing across all stimulus types for
each percept type). (ii) To identify the neural correlates of segmentation void of lexical-semantic inﬂuence, spectral power (and ITPC)
was contrasted between segmented and non-segmented phrases of
the non-word stimulus types (ERSPs and ITPCs were those generated when collapsing across the intact and gap-stimuli for each
percept type). It should be noted that the same contrast was not
feasible for word stimuli because of the low number of trials in
which words were not segmented. (iii) To assess lexical-semantic
inﬂuence on segmentation, spectral power (and ITPC) was contrasted between word and non-word stimulus types (ERSPs and ITPCs were those generated when collapsing across the intact and
gap-stimuli for each percept type) for the segmented percepts only.

(especially in the right hemisphere). The activity at lower-posterior
channels greatly overlapped in time window and frequency band
with the fronto-central activity, which suggests that they may largely
reﬂect activity from the same neural generator. The fronto-central
and parieto-occipital topography of this alpha-beta burst is consistent
with generators originating within the auditory and/or motor cortex
(van Elk et al., 2011; Mazaheri et al., 2011; Shahin et al., 2012).
Typically, scalp voltage activity due to a neural generator (e.g.
dipole) in the auditory cortex is reﬂected by a fronto-central and
parieto-occipital topography representing activity due to opposite
poles (different signs) of the dipole. In the frequency domain, spectral power topographies will reﬂect oscillating dipoles as a rectiﬁed
activity (that are of the same sign) at fronto-central locations as well
as activity at lower-posterior sites.

Neurophysiological correlate of speech segmentation

Neurophysiological correlate of speech segmentation: non-word

Figure 4 (left) shows EEG spectrograms in which the neural activity
of segmented phrases was subtracted from that of non-segmented
phrases of all stimulus types (collapsing across words and nonwords and intact and with gap-stimuli) at channel F1 (where activity
was one of the strongest, see scalp topography; Fig. 4, right). The
top spectrogram shows the raw difference and the bottom one shows
the statistically signiﬁcant difference (P < 0.005) with all other nonsigniﬁcant activity masked (set to zero, green color). For this contrast, we chose the onset of the medial /s/ in each phrase (e.g. /s/ in
nasorf) as a starting point for referencing EEG activity. We should
note that a difference in spectral power between conditions presented here implies the relative enhancement or suppression between
conditions, and not with respect to a pre-stimulus baseline. Notice
(Fig. 4, masked) that a strong burst of alpha and lower beta (approximately 10–18 Hz, 800–1200 ms after /s/ onset) activity distinguished segmented from non-segmented phrases. This activity
occurred approximately 150 ms following the end of the phrases,
but ended at the response (approximately 1210 ms). The topography
shows that this activity reached signiﬁcance across a good portion
of fronto-central electrodes as well as lower-posterior electrodes

Figure 5A shows EEG spectrograms in which the neural activity of
segmented phrases was subtracted from that of non-segmented phrases of
non-word stimulus types (collapsing across intact and with gap-stimuli) at
channel F1. Our experimental design was optimized for this contrast
because it addressed segmentation without (or more likely diminished)
lexical-semantic inﬂuence. The top spectrogram shows the raw difference
and the bottom one shows the statistically signiﬁcant difference
(P < 0.005). Notice (Fig. 5A, masked) that strong bursts of alpha (approximately 9–14 Hz) activity distinguished segmented from non-segmented
phrases, and occurred immediately following the onset of /s/ and again
following the end of the phrase, ending before the button press (approximately 1237 ms). A weaker, more smeared activity, which did not reach
statistical signiﬁcance, also occurred between these two bursts. We should
note, however, that these results combined with the previous results
(Fig. 4) suggest that the early alpha activity was dominant during nonword as opposed to word segmentation. This was conﬁrmed using paired
t-tests (less conservative alternative to permutation tests) to contrast the
early and late alpha activity for segmented word and segmented non-word
phrases. Greater alpha power was seen for segmented non-word than segmented word phrases in 10 out of 11 subjects (t10 = 3.4, P < 0.01) for the
early alpha activity but not the late one (P > 0.4), suggesting that the early
alpha activity was speciﬁc to non-word segmentation.
Signiﬁcant activity for the early and/or late alpha bursts was also
observed (not shown) at channels Fz, FCz, Cz, FC1, FC2, C1 as
well as lower-posterior channels. Again, the fronto-central and
lower-posterior topographies of these alpha bursts are consistent
with generators originating within the auditory and/or motor cortex.
Inspection of individual data showed that eight out of 11 subjects
showed early (0–200 ms) and late (850–1100 ms) alpha activity that
was greater for segmented than non-segmented non-word phrases.
One subject showed early activity only and another two subjects
showed late activity only. In other words, the early alpha activity
was seen in nine out of 11 subjects, and the late alpha activity was
seen in 10 out of 11 subjects. However, when the early and late
alpha activities were averaged, all 11 subjects showed greater alpha
activity for segmented vs. non-segmented non-word phrases.
A follow-up analysis revealed that the above alpha bursts diminished when activity was time-locked to either the onset of the phrase
(auditory stimulus) or the response. This suggests that the alpha
bursts observed for the main contrast (Fig. 5A) are speciﬁc to the
boundary between words (during the /s/).
Finally, we also examined the inter-trial phase-locking dynamics of
EEG activity for the main contrast (Fig. 5B). There was no difference
in PLI between segmented and non-segmented activity, conﬁrming
that segmentation activity (spectral power) observed here (Fig. 5A) is

Fig. 4. The raw and statistically signiﬁcant (masked) difference spectrograms (channel F1) contrasting oscillatory activity (spectral power) for the
segmented and non-segmented percepts (averaged across words and nonwords and intact and with gap). The activity is time-locked to the onset of
the /s/. The topography (right panel) shows the raw difference scalp map for
the late alpha burst at its peak amplitude. RT, reaction time.
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Fig. 5. (A) The raw and statistically signiﬁcant (masked) difference spectrograms (channel F1) contrasting oscillatory activity (spectral power) for the segmented and non-segmented percepts of the non-word phrases (averaged across intact and with gap). The activity is time locked to the onset of the /s/. The
topographies (right panels) show the raw difference scalp maps for the early and late alpha bursts at their maximum amplitudes. (B) The raw and statistically
signiﬁcant (masked) difference spectrograms contrasting phase-locking index (PLI) activity for the segmented and non-segmented percepts of non-word phrases
(averaged across intact and with gap). In both (A) and (B), 1SD bars are shown for the end of phrase and response times. RT, reaction time.

not phase dependent, i.e. not related to spectral properties of AEPs
that may have been created by time-locking to the /s/ -onset.
Lexical inﬂuence in segmentation: segmented word vs. segmented
non-word
As we mentioned above, an analysis comparing segmented with
non-segmented words was not feasible because of the discrepancy
between trial numbers (non-segmented 15% and segmented 85%).
To elucidate contextual (word-level) inﬂuences on the neural
mechanisms of segmentation, we contrasted EEG to segmented
word and non-word phrases (both conditions had a high and comparable number of trials). This comparison (Fig. 6) did not reveal
differences in alpha. However, the permutation test revealed a difference in the beta band (16–18 Hz; Fig. 6; masked spectrograms
at P = 0.005 and more relaxed threshold of P = 0.05) that
followed the end of phrases and peaked around the RT (approximately 1174 ms). This activity was left hemisphere lateralized
(e.g. signiﬁcant at fronto-central channel FC3 and posterior channel P5), and was seen in 10 out of 11 subjects. It should be noted
that subsequent tests did not reveal differences in phase-locking
for this contrast. Also, it is worth noting from the frontal topography that this beta activity was more focal than the previous alpha
topography (Fig. 5), suggesting that it may be associated with
more superﬁcial sources, speciﬁcally motor generators associated
with language processing.
In a subsequent analysis, we also time-locked the abovementioned contrast to either the onset of the phrase or the
response and, like the alpha results, this beta activity diminished
greatly, suggesting that it is also speciﬁc to the perception of
word boundaries.

Stimulus analysis
Finally, we conducted a by-stimulus analysis to examine whether
these alpha-beta activities implicated in segmentation were acousti-

Fig. 6. The raw (top panel) and statistically signiﬁcant (masked, middle and
lower panels) difference spectrograms (channel FC1) contrasting oscillatory
activity (spectral power) for the word and non-word phrases of the segmented percepts. The middle panel shows signiﬁcant differences at a statistical threshold of P = 0.005, and the bottom panel shows signiﬁcant
differences at a relaxed statistical threshold of P = 0.05. The right topography shows the raw difference scalp map for the beta burst (14–18 Hz) at its
maximum amplitude. RT, reaction time.

cally driven. That is, differences across percepts could be due to
stimulus differences if individuals consistently segmented certain
speech items that happened to be acoustically different from the
non-segmented items. To rule out this possibility, we conducted a
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t-test (Bonferroni corrected) for each phrase contrasting segmented
vs. non-segmented percepts of the non-word stimuli (intact and with
gap). A signiﬁcant difference was observed in only six phrases out
of 40. However, in four of these phrases the ratio was skewed
toward non-segmented percepts, and in two phrases the ratio was
skewed in the opposite direction. We conclude that it is highly unlikely that the spectral power results (alpha and beta) were acoustically driven.

Discussion
We sought to understand the neural mechanisms associated with
spoken word segmentation. Drawing on past work showing that
theta band activity and N1–P2 AEPs reﬂect boundary perception
(Riecke et al., 2009; Shahin et al., 2012), we hypothesized that
these responses would also index the perception of word boundaries
mediating segmentation. Contrary to this prediction, we found that
word boundaries were marked by bursts of alpha activity (not theta
or AEPs) occurring either in the middle of the /s/ linking the
‘words’ or following the end of the phrase. Also, greater left
lateralized beta activity following the end of the phrase indexed the
segmentation of words, as opposed to non-word phrases. These
results motivate several interpretations about the neural mechanisms
mediating speech segmentation.
Alpha activity is largely thought to reﬂect higher-level functional
control (e.g. selective attention) of sensory and cognitive resources
associated with task demands (Jensen et al., 2002; Mazaheri &
Picton, 2005; Sauseng et al., 2009; Shahin et al., 2009; Kerlin
et al., 2010; Obleser & Weisz, 2011; Rohenkohl & Nobre, 2011;
Weisz et al., 2011). A hallmark of alpha dynamics is that alpha suppression indicates neural engagement (excitation) of task-relevant
neural populations, while alpha enhancement is associated with neural disengagement (inhibition) of task-irrelevant neural populations.
These alpha-indexed inhibitory and excitatory mechanisms allow for
efﬁcient perceptual organization of incoming stimuli. For example,
Kerlin et al. (2010) showed that prior knowledge of the location of
relevant speech streams in a multi-talker environment is associated
with contralateral suppression (engagement) and ipsilateral enhancement (disengagement) of parietal alpha. Similarly, alpha suppression
has been implicated during lexical-semantic access and comprehension in language processing (Krause et al., 1997; Shahin et al.,
2009; van Elk et al., 2011; Obleser & Weisz, 2011). van Elk et al.
(2011) reported in a visual language task that greater fronto-central
mu (motor-generated alpha) occurred following the boundaries of
less semantically predictable noun–verb pairs embedded in sentences. Finally, alpha enhancement has been related to memory
maintenance in the auditory and visual domains (Jensen et al.,
2002; Jokisch & Jensen, 2007; Sauseng et al., 2009; Weisz et al.,
2011) – neural populations that are less relevant to the task are suppressed (indexed by alpha increase), so neural reallocation to the
more relevant representations can take place (Tuladhar et al., 2007;
Sauseng et al., 2009).
Our interpretation of the current alpha results points toward a segmentation mechanism that builds on these well-established accounts
of alpha. Our explanations speak to the neural mechanisms mediating the formation and maintenance of auditory object (e.g. word)
representations within continuous speech. The incoming acoustic
signal, in this case spoken language, is organized into perceptual
chunks or objects (Grossberg & Kazerounian, 2011) using auditory
grouping principles and linguistic knowledge (e.g. phonotactics).
Object formation can also be guided heavily by lexical knowledge
(e.g. matching the input to items in lexical memory) and other

sources of contextual information. Because speech builds up over
time, many possibilities of what the unfolding object (i.e. word)
may be are activated at the beginning of the utterance, i.e. multiple
lexical activations occur (Marslen-Wilson, 1987). As more of the
auditory stimulus is processed, the object’s identity will narrow and
the listener has a better prediction of what the currently unfolding
word will be. As such, the irrelevant possibilities (i.e. alternative
organizations of the incoming stimulus) as well as the preceding
object representations, which become irrelevant with time, are
inhibited as speech unfolds (Buiatti et al., 2009). Accordingly, the
alpha enhancement observed here (Figs 4 and 5) could reﬂect neural
disengagement from the now-irrelevant word completion possibilities, so neural reallocation can commence for the next auditory
object (second word), thus marking word boundaries.
This interpretation shares similarities with explanations of segmentation in models of spoken word recognition, such as TRACE (McClelland & Elman, 1986). Segmentation is a byproduct of the recognition
process itself, coming about as a result of lexical entries activated by
the acoustic signal competing for recognition, with the recognized word
resulting in automatic segmentation. A vital component of this process
is that lexical entries that are simultaneously activated inhibit one
another, with the degree of inhibition being a function of activation
level and other variables (e.g. word length). The alpha activity may be
evidence of the operation of such an inhibitory process.
The timing of neural disengagement (i.e. word boundary discernment) is undoubtedly a function of a host of stimulus and contextual
variables. For example, a stable object might be slow to build for
some stimulus sequences because alternative organizations of the
input are possible given their acoustic and linguistic properties.
A phrase like chase scene, for example, may take longer to segment
than other phrases because of transitional ambiguity (lexical ambiguity in this case) – whether it may reﬂect one word (‘chasing’) or
two words. Thus, individuals may be inclined to wait until they hear
the whole phrase before they start segmenting. In the case of nonwords, segmentation may be delayed because of other factors, such
as ambiguity in the transitional probability between syllables and
failure to match any lexical entry. Indeed, results from behavioral
studies suggest that segmentation must sometimes be delayed well
beyond a word boundary, until enough following context disambiguates the boundary’s location (Bard et al., 1988; Kim et al., 2012).
We tried to exclude phrases like chase scene from our list of stimuli, but this mechanism may represent the natural tendency to delay
segmentation, regardless. Indeed, individuals waited until they heard
the whole phrase before making a response, even though they were
instructed to respond as soon as possible. This late neural disengagement forms the basis for our interpretation of the late alpha activity
seen during word and non-word segmentation. Given that it was
more pronounced when time-locked to the onset of the /s/ as
opposed to the onset of the phrase or response further emphasizes
that this late alpha activity was associated with disengagement of
neural processes (now irrelevant) reﬂecting formation of the ﬁrst
word in the phrase.
In the case of non-word phrases, there was no pre-existing lexical
trace to guide chunk formation, making segmentation more than
likely probabilistic across trials. In a pilot study that preceded the
current investigation, it was revealed that a sequence such as nas
sorf can be parsed in multiple ways, as na sorf, nas sorf (most
likely), nas orf (least likely) or not at all (nasorf, highly likely). In
that study, individuals typed their responses on a computer keyboard. We believe that the early enhancement of alpha activity
mainly seen during segmentation of the non-word phrases arises
because of the alternative chunkings of the non-word stimuli, which
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is likely guided by lower level (phonetic or acoustic) cues. In particular, the early alpha peak likely reﬂects an immediate (local) parsing
upon detection of an /s/, and the later peak reﬂects more global
(distant) processes that utilize contextual information (e.g. lexical or
syllabic transitional probability). The phonotactics (legal phoneme
combinations) of English make the onset of the /s/ a possible word
boundary, mainly because it is the ﬁrst instance after stimulus onset
at which a boundary (word or syllable) could occur. In that case, on
a portion of the trials, knowledge that /s/ can form the onset of a
new word likely triggered inhibition of neural mechanisms associated with the preceding object, thus tagging word boundaries.
The commencement of left lateralized beta activity distinguishing
word from non-word segmentation following the end of the phrase is
noteworthy. This activity was localized to a slightly different scalp
region than the alpha activity, which suggests different (but maybe
overlapping) neural generators. Beta activity has been largely associated
with motor functions (McFarland et al., 2000; Pfurtscheller et al.,
2003; Bastiaansen et al., 2009; van Elk et al., 2011). Our initial inclination was that beta is related to motor preparation mediating the response
(button press). However, beta activity diminished when it was timelocked to the button press, and we did not observe beta suppression in
the contralateral right hemisphere, arguing against this possibility.
One likely role of beta activity is in mediating neural network
interactions associated with unifying sensory cues into a coherent
object or sequence. It has been shown that coherent network activity
in the beta band for unscrambled visual objects is greater than that
of scrambled objects, suggesting that beta coherence across regions
supports feature bindings and visual object recognition (Sehatpour
et al., 2008). Also, Bastiaansen et al. (2009) showed that frontocentral beta was greater for syntactically well-structured sentences
than for sentences that lacked syntactic structure. They attributed the
beta effect to the binding of multiple speech objects into a coherent
sentence. These accounts of beta combined with ours, which showed
that beta activity occurred consequent to the late alpha peak, posit
that beta may indeed reﬂect a process that is associated with binding
of speech representations; particularly, syntactic and/or lexicalsemantic binding of two words into a meaningful phrase (e.g. chase
scene), which was more feasible in the word than non-word
sequences.
A less likely alternative is that beta oscillations may reﬂect a similar process as that of alpha (top-down neural inhibition marking
word boundaries), with a stronger emphasis on lexical-semantic processing. Like alpha, beta has been shown to reﬂect lexical-semantic
access (Shahin et al., 2009; van Elk et al., 2011), increased load in
short-term memory (Leiberg et al., 2006) and syntactic plausibility
(Bastiaansen et al., 2009). More notably, our data may suggest that
disengagement of lexical-semantic representations (dominant in
word vs. non-word segmentation) marking word boundaries may be
mediated by beta activity.
The current ﬁndings support the principle that inhibition of neural
mechanisms associated with word representations mark word boundaries in continuous speech. Our results provide a preliminary view
for understanding the segmentation problem. However, we believe
that segmentation is dependent on the prevailing linguistic information. In the presence of acoustic cues (e.g. silent gaps, stress), for
example, segmentation may favor bottom-up mechanisms at the
level of the auditory cortex, e.g. AEPs (Cunillera et al., 2008),
while in the absence of acoustic cues, higher-level mechanisms may
dominate (syllable transitional probability and lexical-semantic probability). We are in the processes of examining the inﬂuence of various acoustic and contextual cues, and their integration on boundary
marking in continuous speech and the brain regions involved.
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