
B

P
s

L
a

b

a

A
R
R
A
A

K
S
P
S
A
E
N

1

l
t
s
d
f
M
e
e
I
a
s
a
s
s
K
S
s

a

S

0
d

Neuropsychologia 49 (2011) 3512–3516

Contents lists available at ScienceDirect

Neuropsychologia

journa l homepage: www.e lsev ier .com/ locate /neuropsychologia

rief communication

redictability affects early perceptual processing of word onsets in continuous
peech

ori B. Astheimera,∗, Lisa D. Sandersb

Department of Psychology, York University, Toronto, ON, M3J 1P3, Canada
Department of Psychology and Neuroscience and Behavior Program, Tobin Hall, University of Massachusetts, Amherst, MA 01003, USA

r t i c l e i n f o

rticle history:
eceived 18 October 2010
eceived in revised form 20 June 2011
ccepted 12 August 2011
vailable online 19 August 2011

a b s t r a c t

Event-related potential (ERP) evidence indicates that listeners selectively attend to word onsets in con-
tinuous speech, but the reason for this preferential processing is unknown. The current study measured
ERPs elicited by syllable onsets in an artificial language to test the hypothesis that listeners direct atten-
tion to word onsets because their identity is unpredictable. Both before and after recognition training,
participants listened to a continuous stream of six nonsense words arranged in pairs, such that the second
word in each pair was completely predictable. After training, first words in pairs elicited a larger neg-
eywords:
peech perception
redictability
elective attention
uditory
RP

ativity beginning around 100 ms after onset. This effect was not evident for the completely predictable
second words in pairs. These results suggest that listeners are most likely to attend to the segments in
speech that they are least able to predict.

© 2011 Elsevier Ltd. All rights reserved.
1

. Introduction

Speech signals provide an abundance of information to the
istener, not all of which is essential for comprehension. Lis-
eners must therefore determine which portions of the speech
ignal should be processed in detail. For example, behavioral evi-
ence demonstrates that word-initial segments are important
or auditory word recognition (Connine, Blasko, & Titone, 1993;

arslen-Wilson & Zwitserlood, 1989; Salasoo & Pisoni, 1985), and
vidence from event-related potentials (ERPs) suggests that listen-
rs preferentially process word onsets at an early perceptual stage.
n natural speech, word-initial syllables elicit a larger first neg-
tive peak (N1) compared to acoustically matched word-medial
yllables (Sanders & Neville, 2003). This so-called “word-onset neg-
tivity” is evident when listeners learn to recognize sequences in
everal types of continuous acoustic streams, including nonsense
peech (Sanders, Newport, & Neville, 2002), musical tones (Abla,
entaro, & Okanoya, 2008) and abstract noises (Sanders, Ameral, &
ayles, 2009), suggesting that it is not simply a reflection of speech

egmentation.

The observation of an N1 enhancement in response to word-
nd sequence-initial segments regardless of the segmentation cues

∗ Corresponding author at: Department of Psychology, York University, 4700 Keele
treet, Toronto, ON, M3J 1P3. Tel.: +1 416 736 2100x22754.

E-mail address: lastheim@yorku.ca (L.B. Astheimer).
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oi:10.1016/j.neuropsychologia.2011.08.014
available implicates a more general processing difference such as
attention directed to times that contain word-initial segments. In
support of this, the latency, amplitude, and distribution of this
N1 effect closely resemble ERP responses to sounds presented at
attended times in temporally selective attention paradigms (Lange,
Rösler, & Röder, 2003; Sanders & Astheimer, 2008). One study
directly examined the use of temporally selective attention during
speech perception by varying the time of auditory probe presen-
tation relative to word onsets in a narrative. Speech-like probes
presented within the first 100 ms of a word onset elicited a larger-
amplitude N1 compared to probes played before word onsets or at
random control times, demonstrating that listeners direct attention
to moments that contain word onsets during speech perception
(Astheimer & Sanders, 2009).

To date, the reason listeners attend to word onsets in speech
remains largely unexplored. Potentially, all word onsets are
attended because these segments are important for auditory word
recognition. Alternatively, to the extent that selective attention
is a tool for accommodating overwhelming amounts of informa-
tion, listeners may attend to the most informative segments in
speech. Based on transitional probabilities, word onsets are rela-
tively unpredictable (Aslin, Saffran, & Newport, 1999) and therefore
highly informative, which raises the hypothesis that listeners direct

attention to unpredictable moments in speech.

Of course, the notion that predictability affects language pro-
cessing has been studied extensively in both visual and auditory
domains. Eye tracking studies demonstrate that predictable words

dx.doi.org/10.1016/j.neuropsychologia.2011.08.014
http://www.sciencedirect.com/science/journal/00283932
http://www.elsevier.com/locate/neuropsychologia
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ig. 1. Experimental paradigm. A single experimental session consisted of eight pha
hile EEG was recorded.

re read more quickly and skipped more often than unpredictable
ords (Ehrlich & Rayner, 1981; Frisson, Rayner, & Pickering, 2005).
n entire field of ERP research has grown from the observation

hat contextually coherent but unpredictable words elicit a larger
400 compared to predictable words (Kutas & Hillyard, 1984).
lthough the long latency of this effect suggests that it reflects
ost-perceptual, semantic processing, evidence from visual world
aradigm and ERP studies suggests that listeners anticipate upcom-

ng words even before they occur (Altmann & Kamide, 1999; Van
erkum, Brown, Zwitserlood, Kooijman, & Hagoort, 2005), which
ay allow them to direct attention to unpredictable moments in

peech. While a growing body of evidence supports a relationship
etween expectancy and attention outside the domain of language
Lange, 2009; Zacks, Speer, Swallow, Braver, & Reynolds, 2007), to
ate, it is unclear whether predictability affects early perceptual
rocessing of word onsets in speech.

The current study examines the relationship between pre-
ictability and attention during speech segmentation using an
rtificial language training paradigm that allows for comparison
f ERP responses to physically identical syllables before and after
hey are recognized as word onsets. Participants learned to recog-
ize all words within the language, so any recognition effect should
e evident for every word after training. To test the hypothesis that
he N1 attention effect is modulated by predictability, words in the
anguage were arranged into pairs so that the second word onset
n each pair was completely predictable given the first. If attention
s directed to unpredictable moments in speech, then we would
xpect the first (unpredictable) word onset in each pair to elicit
larger N1 after training, while the second (predictable) onset in

ach pair would not.

. Methods

Twenty right-handed adults (6 female) ages 18–31 years (M = 22) contributed
ata to the analysis. All were Native English speakers and reported no neurological

ssues and no use of psychoactive medications. An additional seven participants
ompleted the study but were excluded from the analysis due to EEG artifacts (N = 5)
r poor behavioral performance (N = 2). All participants provided written informed
onsent and were compensated $10/h for their time.

Eleven stop consonant-vowel (CV) syllables with durations ranging from 190 to
10 ms (M = 242) were created using text-to-speech software. These syllables were
ombined into six 3-syllable words (piputu, bubapu, bidupu, dipida, putabu, tapabi)
ith durations ranging from 840 to 930 ms (M = 874). In order to mimic transitional
robabilities in natural language, some syllables were repeated in multiple words, so
ransitional probabilities ranged from 0.25 to 1.0 within words. The six words were
rranged into three pairs such that the transitional probability between words in the
ame pair was 1.0 and between words in different pairs was 0.33. 100 repetitions
f the pairs were arranged in a continuous 8 min random stream (with the excep-
ion that no pair could follow itself more than once consecutively) with no acoustic
oundaries between words in the stream. Three additional randomizations of the
tream were created and stored as monaural WAV files with an 11.025 kHz sampling
ate. To control for acoustic differences between words in different pair positions,
ord pair order was reversed in another set of streams, and the two versions were

alanced across subjects.
For the behavioral tests, six partwords were created by combining the last syl-

able of one word with the first two syllables of another word. Individual words
nd partwords were presented aurally and participants indicated their response to

ach using a 4-point scale. Responses of one and two were considered “nonwords”
nd three and four were considered “words,” and results were transformed into a
erceptual sensitivity (d′) measure for each test.

As shown in Fig. 1, participants began by indicating how much they liked each
tem to assess any potential biases for words or partwords. Following the pretest,
hich alternated between behavioral testing or training and syllable stream exposure

EEG was recorded while subjects listened passively to two of the syllable streams
(16 min total). After this exposure, participants were given a second behavioral test
to assess statistical learning. Next, they learned to recognize the six words from
the stream with a computerized training procedure. Participants used a mouse to
click on a written version of each word in order to hear the corresponding sound
file, and they could train as long as necessary to memorize the words. Once they
felt confident, they completed another behavioral test to assess explicit recognition
of each of the words from training. This training/testing procedure was repeated
until the participant reached a criterion d′ score of 1.80. Next, EEG was recorded
while participants listened passively to the two remaining syllable streams. A final
recognition test was then administered to assess word retention. Lastly, participants
were given a predictability test that presented pairs from the stream and nonpairs,
which combined the first word of one pair and the second of another. Participants
indicated on a four-point scale how familiar each combination sounded. Responses
of one and two were considered “nonpairs” and three and four were considered
“pairs,” and a d′ score was calculated to assess awareness of word order within the
stream.

EEG was recorded with a 250 Hz sampling rate from a 128-channel Geodesic
Sensor Net (Electrical Geodesics, Inc., Eugene, OR) at a bandwidth of .01–80 Hz. A
potassium-chloride solution was applied before each speech stream exposure to
maintain impedances below 50 k� throughout the experiment. A 60 Hz notch filter
was applied offline, and EEG was segmented into 600 ms epochs beginning 100 ms
before each syllable onset. Trials were excluded if they contained eye blinks and eye
movements, as determined by individual maximum amplitude criteria, or a voltage
difference that exceeded 100 �V at any electrode. Only data from participants with
at least 100 artifact-free trials in each condition were included in the final analy-
sis. Averaged waveforms were re-referenced to the average mastoid and baseline
corrected using the 100 ms before syllable onset.

Mean amplitude of ERPs elicited by each syllable in N1 (115–200 ms) and N400
(200–500 ms) time windows was measured at 50 electrodes arranged in pairs in
a 5 × 5 grid over the scalp (Fig. 2). Mean amplitudes of each electrode pair were
Fig. 2. Approximate scalp location of 128 recording electrodes. Measurements were
taken from the 50 electrodes shown in black and averaged into 25 pairs arranged in
a 5 (left/right position) × 5 (anterior/posterior position) grid.
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hance performance, and the dotted line indicates the training criterion (d′ = 1.8).
erformance on tests 3 and 4 was significantly above chance (*p < .001).

. Results

.1. Behavior

Participants’ behavioral responses were transformed into d′

cores for each test, and are shown in Fig. 3. One-sample t-tests
evealed that recognition performance did not differ significantly
rom chance during the pretest or after the initial speech stream
xposure (p’s > 25). Recognition training took between 5 and 18 min
M = 9) and participants took between one and three tests (M = 1.7)
o reach criterion. For the test on which they reached the criterion
core of d′ = 1.80, performance was, of course, significantly bet-
er than chance (M = 2.53; t(19) = 20.623, p < .001). Despite a slight
ecline in performance from the criterion test to the final test
M = 2.21; t(19) = 2.189, p < .05), scores remained significantly above
hance (t(19) = 11.499, p < .001) following the final speech stream
xposure.

Results of the predictability post-test indicated that participants
ere able to discriminate between word pairs presented during the

tream and nonpair foils (d′ M = 0.36, SD = 0.69). A single sample t-
est indicated that performance was slightly but significantly above
hance (t(19) = 2.35, p < .05).

.2. Event-related potentials

As shown in Fig. 4, syllable onsets elicited a series of auditory
voked potentials that were broadly distributed over medial cen-
ral regions. Although using continuous speech streams resulted
n low amplitude ERPs, the first negative peak (N1) had a latency
f 120 ms and was largest over central/medial electrodes (LR × AP
(16, 304) = 3.087, p < .01), similar to what is observed in response
o abrupt acoustic onsets. Across all electrode sites, there was a

ain effect of syllable position on N1 amplitude (F(2, 38) = 20.947,
< .001), with word-initial syllables eliciting a larger N1 than
edial or final syllables. Although these differences across syllable

osition were evident before training (F(2, 38) = 15.383, p < 001),
his difference was not modulated by pair position (p > .4). These
re-training differences likely reflect variability in the acoustic
roperties of syllables in different word positions. Importantly, the

ain effect of syllable position was qualified by a syllable × pair

osition × training interaction (F(2, 38) = 3.923, p < .04). Planned
omparisons revealed that, as shown in Fig. 4, the initial syllable
rom the unpredictable word in each pair elicited a larger N1 after
chologia 49 (2011) 3512–3516

training compared to before (F(1, 19) = 5.185, p < .04). Although the
response to the predictable word-initial syllable appeared to be
smaller after training, this effect did not approach significance (F(1,
19) = 2.574, p = .125).

Later differences in the waveforms were also modulated by
syllable position. A broad negativity that began around 300 ms
was time-locked to word onsets rather than other syllables (F(2,
38) = 9.043, p < .001), and had a right-lateralized scalp distribution
(Syllable × LR F(8, 152) = 3.916, p < .01). This later difference was not
modulated by pair position (p > .15) or training (p > .8).

4. Discussion

The current study tested the hypothesis that attention is
directed to times in speech that provide unpredictable information
by manipulating the predictability of word onsets in an artificial
language paradigm. As found previously (Sanders et al., 2002),
unpredictable word onsets elicited a larger N1 after recognition
training. Importantly, this enhancement was absent for the com-
pletely predictable second word onset in each pair. These results
indicate that listeners selectively attend to word onsets that cannot
be predicted from the context, enhancing early perceptual process-
ing of information presented at these times.

Attending to word onsets is an effective listening strategy
insofar as word onsets are relatively unpredictable and there-
fore highly informative. However, when a word onset is highly
predictable, it no longer offers novel information, and so the
listener must only attend enough to confirm that the incom-
ing speech signal matches his or her prediction. In the current
study, participants showed no early attention effect in response
to completely predictable word onsets. This observation clarifies
the nature of the previously reported “word onset negativity”
(Sanders & Neville, 2003) by demonstrating that in some cases,
auditory word recognition can proceed without an increase in
attention. Therefore, listeners may not be selectively attending
to word onsets, but rather to unpredictable moments in speech.
Although completely predictable word onsets like those in the
current study may not exist in natural speech, there is ample
evidence that listeners are sensitive to even subtle differences
in contextual (Van Berkum et al., 2005) and syntactic (Mattys,
Melhorn, & White, 2007) constraint during speech perception, so
the allocation of attention may also be sensitive to these differ-
ences.

An obvious concern is the possibility that when presented with
3-syllable words arranged in pairs, listeners segmented streams
into 6-syllable words on the basis of statistical cues alone. Partici-
pants’ performance was at chance on the recognition test following
the first speech stream exposure, suggesting that the statistical reg-
ularities in this particular artificial language were not sufficient
for listeners to learn the 3-syllable words. Although this observa-
tion runs counter to previous artificial language studies that report
various degrees of statistical learning (Cunillera, Toro, Sebastián-
Gallés, & Rodríguez-Fornells, 2006; Cunillera et al., 2009; Saffran,
Newport, & Aslin, 1996), the high transitional probability between
pairs of words may have disrupted statistical learning. Subjects’
performance on the predictability test that assessed knowledge
of word pair order also indicates that listeners did not reliably
group the stream into 6-syllable strings even by the end of the
experiment. It is possible that listeners used transitional probabil-
ity to segment the streams into 6-syllable groups before training,
relearned them as 3-syllable words during training, and forgot the

6-syllable sequences by the final behavioral test. However, this pat-
tern of learning would have resulted in a lack of training effects on
ERPs for the unpredictable words that were heard as onsets both
before and after training and differences in ERPs for the predictable
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ords that were heard as onsets only after training. The opposite

attern of ERP effects was observed.

The mediocre performance on the predictability test makes
he modulation of attention by differences in predictability some-
hat surprising. Participants were not instructed to anticipate
predictable and predictable words before and after recognition training. Data are
d-initial syllables in unpredictable words elicited a larger negativity between 115

upcoming words in the stream, and their behavioral performance

indicates that they were only vaguely aware of word pair order, and
yet they allocated attention accordingly. This suggests that listen-
ers make predictions about upcoming stimuli without conscious
awareness. This type of anticipation has been reported across the
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omains of language processing (Altmann & Kamide, 1999; Van
erkum et al., 2005) and visual perception (Bar, 2007; Zacks et al.,
007). Bar (2007) observes that the brain areas involved in generat-

ng predictions share a striking overlap with the “default network”
bserved in many neuroimaging studies, suggesting that the brain
utomatically generates associative predictions.

Predictability is only one of many potential cues that listeners
mploy to allocate attention to word onsets in speech. Studies of
peech segmentation demonstrate that listeners use knowledge of
language’s phonotactic, lexical, syntactic and prosodic structure

o find word boundaries. The current study demonstrates the need
o consider the association between these cues and predictability
ather than just word boundaries, because they may serve as atten-
ion cues rather than segmentation cues, thus allowing listeners to
referentially process the most informative portions of the speech
ignal.
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