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Abstract—The current study aimed at investigating the
processing of prosodic hierarchical boundaries in Mandarin
Chinese sentences using electroencephalography, mainly fo-
cused on the following questions: (1) whether prosodic
boundaries at different levels could evoke the closure posi-
tive shift reflecting prosodic boundary perception; (2) what
were the differences between them at latency, amplitude and
topography; (3) whether this positive component was modi-
fied by the variations of acoustic cues (e.g. pause). Main
results were: (1) As the previous studies indicated, intona-
tional phrases elicited the closure positive shift as a marker
of online speech structuring; (2) phonological phrases
evoked the same positive effect with shorter onset latency
and somewhat lower amplitude; (3) when the pauses in the
vicinity of prosodic boundaries were entirely removed, the
original latency difference between the two conditions disap-
peared, which clearly demonstrated the influence of pause on
prosodic boundary processing; (4) prosodic word bound-
aries only induced amplitude variation waving around the
baseline, which was more positive compared with the one
elicited by syllable boundaries. The present results indicated
that listeners were very sensitive to both intonational phrase
boundaries and phonological phrase boundaries. © 2009
IBRO. Published by Elsevier Ltd. All rights reserved.

Key words: closure positive shift, syllable boundaries, pro-
sodic word boundaries, phonological phrase boundaries, in-
tonational phrase boundaries.

Auditory language processing depends upon various sources
of information such as syntax, semantics, pragmatics and
phonology, including prosody. Prosody comprises intonation,
accentuation and rhythmic patterns, conveying both linguistic
and affective information to listeners by variations in acous-
tic—phonetic parameters such as fundamental frequency
(FO0), intensity, duration, timbre and spectral characteristics.

Spoken language is organized into a hierarchy of pro-
sodic constitutes according to a tree or grid structure.
While researchers may have different views on how many
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and what levels are included in sentence prosodic hierar-
chy, intonational phrase, phonological phrase and pro-
sodic word are commonly recognized as components of
sentence prosody (Selkirk, 1980; Beckman and Pierre-
humbert, 1986; Nespor and Vogel, 1986; Wightman et al.,
1992). (Phonological phrase, the unit just below the into-
national phrase, has many different names and definitions
in the literature (Shattuck-Hufnagel and Turk, 1996, for a
review). In this article, we used the universal term, phono-
logical phrases, and we refer to the definition given by
Nespor and Vogel (1986).) In comparison with Indo-Euro-
pean languages, the syllable is a more significant phono-
logical unit of mandarin Chinese: it is the unit of lexical
tones and a temporal unit. Thus, in the prosody studies of
Mandarin, a four-tier hierarchy which includes intonational
phrase, phonological phrase, prosodic word and syllable
has been widely adopted (Cao, 2003; Lin, 2000; Wang et
al., 2004; Yang, 1997). Intonational phrases are the largest
phonological entity with phonetically definable boundaries
into which utterance can be divided, and often correspond
to whole sentences (or propositions within a sentence).
Their boundaries are marked with pre-boundary lengthen-
ing, pause and pitch declination followed by pitch reset
upon crossing the boundary (De Pijper and Sanderman,
1994; Shattuck-Hufnagel and Turk, 1996; Wang et al.,
2004; Wightman et al., 1992). Among the boundaries of
prosodic units, intonational phrase boundaries (IPBs) are
most easily recognized by listeners. Phonological phrases,
at a lower level of the prosodic hierarchy, often correspond
but not necessarily to syntactic constituents (Nespor and
Vogel, 1986; Shattuck-Hufnagel and Turk, 1996). From a
phonetic point of view, phonological phrases are typically
characterized by prefinal lengthening (Wang and Yang,
2002; Wang et al., 2004; Wightman et al., 1992), pitch
reset of declination line and optional pause (De Pijper and
Sanderman, 1994; Wang et al., 2004). Except for the
syntactic and semantic relevance, the appearance of pho-
nological phrase boundaries (PPBs) in a sentence is also
influenced by factors such as speech rate and hesitations
(filled or unfilled pauses), which might make them more
difficult for listeners to detect (Ischebeck et al., 2008).
Phonological phrase typically contains one or more pro-
sodic words. A prosodic word consists of a content word,
potentially grouped with some functional elements (Chris-
tophe et al., 2003), and marked by pre-boundary length-
ening and pitch discontinuity of intonation counter (Lin,
2000; Wang and Yang, 2002; Wang et al., 2004).

Using behavioral methods, it has been shown that
listeners are sensitive to boundaries of these prosodic
units (De Pijper and Sanderman, 1994; Yang, 1998), and
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use them to disambiguate lexical ambiguities (Christophe
et al., 2003, 2004; Isel et al., 2003; Salverda et al., 2003)
and sentence level ambiguities (Beach, 1991; Clifton et al.,
2002; Kjelgaard and Speer, 1999; Millotte et al., 2007,
2008; Nagel et al., 1996; Schafer et al., 2000; Speer et al.,
1996). However, due to methodological reasons, the exact
relationship between prosody and sentence processing is
still not very clear, particularly the knowledge about the
cognitive and neural basis of prosodic processing.

Due to its implicit on-line characteristics and its high
time resolution, the employment of event related potential
(ERPs) measures has joined the list of on-line methods as
an additional approach to the study of language process-
ing. In contrast to response times, ERPs patterns can more
easily distinguish between different levels of linguistic pro-
cessing. In the last two decades, the ERPs literature has
mainly focused on the electrophysiological correlates of
semantic and syntactic processing rather than prosodic
and pragmatic processing. The first language-related com-
ponent to be discovered was the N400 (Kutas and Hillyard,
1980), a negative component peaking around 400 ms
post—critical word onset which reflects semantic process-
ing and the integration of word meaning in sentence or
discourse contexts. Syntactic processing difficulties due to
violations as well as garden path effects and complex
structures also elicited late centro-parietal positivities, re-
ferred to as P600 (SPS) components (Kaan et al., 2000). In
addition, the P300, which was related to working memory
(Donchin and Coles, 1988) and can be elicited by almost
any ‘rare and relevant” stimulus, has also been widely
studied by psychologists and neuroscientists. Other stud-
ies have also indicated that it reflects phasic activity of the
neuromodulatory locus coeruleus—norepinephrine system
(Nieuwenhuis et al., 2005).

Recently a number of studies have investigated the
neurophysiological basis of prosody in various aspects,
including the emotional function (Schirmer et al., 2002), the
lexical function (Bocker et al., 1999; Friedrich et al., 2001)
and the modality function of prosody (Astésano et al.,
2004). A series of experiments were also conducted to
investigate the structural function of prosody at the sen-
tence level. Using sentences differing in their prosodic
phrasing patterns caused by underlying syntactic struc-
tures, Steinhauer et al. (1999) found that a positive-going
waveform, termed as the closure positive shift (CPS), was
reliably elicited by IPBs. It seems to be triggered by the
prefinal constituent lengthening, and lasts between ap-
proximately 500—1000 ms, with a maximal centro-parietal
distribution (Steinhauer, 2003). This component was also
observed for sentence materials that were deprived of
semantic information, such as pseudoword sentences
(Pannekamp et al., 2005), and for sentences with reduced
or without segmental information, such as filtered speech
materials (Steinhauer and Friederici, 2001) and hummed
sentences (Pannekamp et al., 2005). The results of these
studies have suggested that the CPS exclusively relies on
pure prosodic information and has nothing to do with other
segmental information (Pannekamp et al., 2005; Stein-
hauer, 2003). Furthermore, it has also been shown that the

CPS is a reliable marker for prosodic phrasing during silent
reading based on comma rules (Steinhauer and Friederici,
2001; Steinhauer, 2003).

For the past few years, the comparative study of music
and language has been gaining a great deal of research
interest (Marques et al., 2007; Patel, 2003; Schon et al.,
2004). Like language, music is a human universal auditory
system involving perceptually discrete elements organized
into hierarchically structured sequences. They can serve
as foils for each other in the study of brain mechanisms
underling complex sound processing (Kndésche et al.,
2005; Patel, 2003). Just as expected, a CPS-like compo-
nent has been observed in music phrasing (Kndsche et al.,
2005; Nan et al., 2006; Neuhaus et al., 2006). It has similar
topography and amplitude to the CPS in speech but differ-
ent latency and duration. Further studies have indicated
that music phrase boundary processing entails not only the
detection of phrase boundary cues, such as pause, but
also the integration of information between the previous
phrase and the upcoming one (mostly the initial note)
(Kndsche et al., 2005; Nan et al., 2006, 2008).

Ever since the CPS was found in 1999, researchers
have been exploring the nature of this ERP component
and its relation to acoustic cues. Although many valuable
results have been obtained, many issues remain to be
further clarified. The CPS has been demonstrated only at
IPBs in spoken single sentences. It is well known that there
are other levels (e.g. prosodic words and phonological
phrases) in sentence prosody (Selkirk, 1980; Beckman
and Pierrehumbert, 1986; Nespor and Vogel, 1986), and
the acoustic—phonetic cues of their boundaries are similar
but change systematically in quantities (Wang et al., 2004;
Wightman et al., 1992; Yang, 1997). Moreover, behavioral
studies revealed that untrained subjects can reliably differ-
entiate the degree of these prosodic boundaries (De Pijper
and Sanderman, 1994; Yang, 1998). On the basis of these
findings, it is reasonable to expect that the CPS may also
be evoked by prosodic boundaries at other levels. Hence,
the goal of the present study is to investigate the cognitive
processing of prosodic hierarchical boundaries, more spe-
cifically, to explore (1) whether prosodic boundaries at
different levels could evoke the CPS, and (2) what the
differences are between these CPS. It was expected that
prosodic boundaries at different levels in sentences could
all induce positive shifts, and that the higher prosodic
boundaries could elicit stronger positive effect.

Mandarin Chinese differs significantly from most Indo-
European languages in its syntactic and especially phono-
logical systems. It involves a tonal system, which is acous-
tically realized by the pitch variation of syllables, and func-
tionally distinguishes their meanings. As a tonal language,
Chinese intonation is realized by the pitch variations of the
sentence, which is determined by the conjuncture of syl-
lable pitch contours and modulations dictated by sentence
structures, such as information structure. In the model
adopted by most Chinese scholars, intonation is described
by two counters, the top and bottom lines. The bottom line
consists of the lowest values of tone registers in the sen-



1418 W. Li and Y. Yang / Neuroscience 158 (2009) 1416-1425

tence, and reflects hierarchical structure of the prosodic
constituents. The top line consists of highest values of tone
registers, and reflects pitch accent locus. In the hierarchi-
cal structure of sentence prosody the pitch value of the
bottom line for bigger rhythm constituent is lower than that
for the smaller one (Shen, 1985). Besides, most words
(more than 70%) in Chinese are disyllables, and there is
usually no perceived pause between the two syllables.
Therefore, the boundary between disyllables was taken as
the baseline condition (COND) in this study.

EXPERIMENT 1
EXPERIMENTAL PROCEDURES

Participants. Twenty right-handed university students (nine
men and 11 women, at the age of 18-25 years, with mean age of
22.4 years) participated in the experiment and were paid for their
participation. All of them were native speakers of Mandarin Chi-
nese without hearing or neurological disorders.

Stimuli.  The stimulus materials contained 50 groups of sen-
tences. In each group, there were four sentences (CONDs) of the
same length, in which two critical syllables were embedded serv-
ing as pre-boundary and post-boundary syllables. The pre-bound-
ary syllables had the same onset, rhyme and tone (namely homo-
phone), the same for the post-boundary ones. The boundaries
between the two critical syllables in the four sentences were
boundaries between disyllables (syllable boundaries, SBs), pro-
sodic word boundaries (PWBs), PPBs and IPBs respectively. The
position of the two critical syllables in sentences was the same in
each group but different among groups. In addition, the critical
syllables never existed in other positions of the same group. As an
example in the following group, the critical syllables are “xian1”
and “hua1,” which are indicated in italics.

(1a)  wmmey s sy . (SBS)
Shang1dian4li3de0/xian1hua1/san4falchu1/zhendzhend/nong2
yuddeO/fang1xiang1. In the store/the flowers/emit/bouts of/full-

bodied/aroma.
The flowers in the store emit bouts of full-bodied aroma.

(1b) ez arzzsmimeg s — oz (PWBS)

Xiao3hua2/zui4hao3/xian1/hua1/dian3/shi2jian1/xue2xi2yi2xia4/
tan2/gang1qin2.
Xiaohua/had better/first/spend/someftime/learning/to play/the

piano.
Xiaohua had better spend some time learning to play the
piano first.

(1C) i sz T kit i (PPBS)

Yang3/zhe4pen2/shui3xian1/huale0/wo3/dadliang4de0/shi
2jian1/he2/jing1li4.
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Planting/this/narcissus/costs/mef/a lot of/time/and/effort.
It costs me a lot of time and effort to plant this narcissus.

(1d)  swssrsiszn st es. (IPBs)

Xiang3/bao3chi2/ling3xian1/hua1/shi2jian1/jin4xing2/lian4xi2/
fei1chang2/bidyao4.

If you want to/keep/ahead|/, takingl/time/to do/exercises/is
very/necessary.

If you want to keep ahead, it is very necessary to take time
to do exercises.

All of these sentences were produced by a male speaker of
standard Chinese and recorded in a soundproof chamber, at a
sampling rate of 22 kHz. For analyzing the tonal and durational
properties of the prosodic boundaries, the duration of pre-boundary
syllables (D1), the duration of pre-boundary syllables plus following
silences (D2), and the minimal values of pitch for the pre-boundary
syllables (F1) and post-boundary syllables (F2) in each COND were
measured. Besides, the degree of pitch reset (F2 minus F1) was
acquired. For the D1, a one-way analysis of variance (ANOVA) with
COND (SBs, PWBs, PPBs and IPBs) run on duration showed a
significant main effect (F(3,196)=16.60, P<0.001). For multiple
comparisons, Bonferroni corrections were used and six indepen-
dent tests were performed. In order to limit the risk of making at
least one type | error to an overall value of 0.05, a stricter thresh-
old of 0.05/6=0.008 was used instead of 0.05 (Abdi, 2007). This
was the case for all the other multiple comparisons including the
ERP data. Post hoc tests indicated that pair-wise comparisons were
significant between SBs (M=212.72, S.D.=49.52) and PPBs
(M=276.36, S.D.=59.29), P<0.001; SBs and IPBs (M=263.08,
S.D.=59.68), P<0.001; PWBs (M=211.8, S.D.=63.93) and PPBs,
P<0.001; PWBs and IPBs, P<0.001, except for SBs and PWBs,
P>0.008, PPBs and IPBs comparison, P>0.008 (see Fig. 1A). For
the D2, a one-way ANOVA with COND run on duration also showed
a significant main effect (F(3,196)=150.78, P<<0.001). Further post
hoc tests indicated that pair-wise comparisons were significant be-
tween SBs (M=212.72, S.D.=49.52) and PPBs (M=340.86,
S.D.=98.05), P<0.001; SBs and IPBs (M=542.24, S.D.=126.72),
P<0.001; PWBs (M=211.80, S.D.=63.93) and PPBs, P<0.001;
PWBs and IPBs, P<0.001; PPBs and IPBs, P<0.001, except for
SBs and PWBs comparison, P>0.008 (see Fig. 1A). For the pitch, a
one-way ANOVA with COND run on pitch reset showed a significant
main effect (F(3,196)=10.69, P<0.01). Further post hoc tests indi-
cated that pair-wise comparisons were significant between SBs
(M=-6.50, S.D.=40.64) and PPBs (M=27.18, S.D.=35.90),
P<0.001; SBs and IPBs (M=31.23, S.D.=31.72), P<0.001. How-
ever, they were not significant between SBs and PWBs (M=10.09,
S.D.=40.58), P>0.008; PWBs and PPBs, P>0.008; PWBs and
IPBs, P>0.008; PPBs and IPBs, P>0.008 (see Fig. 1B).

Procedure. The 200 experimental sentences were inter-
mixed with 100 filler sentences and presented aurally in a pseudo-
randomized order in four blocks of 75 trials. In each block, the
sentences from the same COND were presented in no more than
three consecutive trials. Each trial began with a fixation cross in

Fundamental Frequency (FO)
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50

SBs PWEBs PPBs IPBs

Condition

Fig. 1. Prosodic parameters. Left: the duration (ms) of pre-boundary syllable (D1) and the duration of pre-boundary syllable +silence (D2); right: FO

for pre-boundary syllable (F1) and post-boundary syllable (F2).
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the center of the monitor in order to minimize eye movements
which can cause artifacts in the electroencephalogram (EEG).
After 300 ms, the sentence was presented aurally, while the cross
remained on the screen. Subjects were instructed to listen carefully
and comprehend the meaning of the sentences. The task was to
answer yes or no to comprehension questions such as “Did Zhao
Dan cry?” in 20% of the sentences as accurately as possible.

EEG recording. EEG was continuously recorded from 64
cap-mounted Ag/AgCl electrodes with a sampling rate of 500 Hz.
The EEG data were re-referenced off-line to linked mastoid elec-
trodes by subtracting from each sample of data recorded at each
channel one-half of the activity recorded at the right mastoid. The
electrooculogram (EOG) was recorded from electrodes placed at
the outer canthus of each eye and from sites above and below the
left eye. Impedances were kept below 5 k(). The EEG and EOG
recordings were amplified with a high cutoff of 100 Hz. Partici-
pants were instructed before the beginning of the experiment to
avoid eye blinking and other body movements during the presen-
tation of the auditory sentences.

Data analysis. EEG data were processed with the software
NeuroScan 4.3 (Neuroscan; Compumedics Limited, 30-40 Flockhart
Street, Abbotsford Vic 3067, Australia). The EEG and EOG signals
were screened off-line for eye movements and electrode drifting. The
data were filtered with a low-pass filter of 40 Hz. Epochs comprised
the 200 ms preceding and 1500 ms following the pre-boundary
syllable onsets.

Grand average curves were first analyzed by visual inspection
in order to identify time windows (TWs) of interest. PWBs only

F3
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elicited amplitude variation waving around the baseline, and it was
more prominent between 300 and 700 ms. The positive shifts
were observed in the TW of 300—-700 ms after the acoustic onset
of the pre-boundary syllables for PPBs COND, thus, this TW was
selected for analyzing. And for the same reason, the TW of
700—1100 ms was selected for analysis of the positive shifts
elicited by IPBs. For each of the identified TW, a three-way
ANOVA was performed with mean amplitude as dependent factor,
with COND (SBs, PWBs, PPBs, IPBs), region (REG, anterior—
posterior topography: anterior—F3, FZ, F4; central—C3, CZ, C4;
posterior—P3, PZ, P4), and hemisphere (HEM, left-right topogra-
phy: left—F3, C3, P3, midline—FZ, CZ, PZ, right—F4, C4, P4) as
independent factors to test the general boundary effect. To further
compare amplitude of the shifts elicited by PPBs and IPBs, an-
other three-way ANOVA was conducted with mean amplitude
from each TW as dependent factor, with COND (PPBs, IPBs),
REG and HEM as independent factors. To establish the onset of
the positive shifts, a series of onset analyses were conducted in
consecutive mean amplitude latency bins of 10 ms wide (e.g.
100-110 ms, 110-120 ms, etc.) for PWBs, PPBs and IPBs com-
pared with SBs. P-values were reported after Greenhouse-Geis-
ser correction for non-sphericity.

RESULTS

As shown in Fig. 2, PPBs and IPBs elicited positive shifts
separately starting at about 250 ms after the onset of
pre-boundary syllables. We interpreted the positive shifts

FZ il F4

Fig. 2. Grand average waveforms over participants (n=20), time locked to the onset of pre-boundary syllable at selected channels for SBs, PWBs,
PPBs and IPBs, four CONDs are superimposed. CPS.pg, and CPS .z, represent the CPS elicited by PPBs and IPBs respectively.
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Fig. 3. Upper: Topography of the ERP effects for PWBs, PPBs and
IPBs in order in experiment 1. Lower: Topography of the ERP effects
for PWBs, PPBs’ and IPBs’ in order in experiment 2.

as the CPS, since their polarity, latency and topography
(see Fig. 3: the upper one; the topographical distribution
was more concentrated and stronger for the CPS elicited
by IPBs) fit the standard characteristics of the CPS. How-
ever, PWBs only elicited amplitude variation waving
around the baseline, which was more positive compared
with SBs.

In the TW of 300-700 ms, the main effect of COND
was observed (F(3,57)=15.026, P<0.001). Further post
hoc tests indicated that pair-wise comparisons were sig-
nificant between SBs (M=-1.326, S.E.=0.239) and
PWBs (M=-0.295, S.E.=0.285), P<0.008; SBs and
PPBs (M=0.729, S.E.=0.281), P<0.001; SBs and IPBs
(M=-0.135, S.E.=0.260), P<0.008; PWBs and PPBs,
P<0.008, while the other pair-wise comparisons were not
significant, P>0.008. In addition, a CONDXREG interac-
tion (F(6, 114)=8.342, P<0.001) was shown in this TW.
Simple effect analysis revealed that the effect of COND
was significant at the anterior (F(3, 57)=9.230, P<0.001),
the central (F(3, 57)=15.80, P<<0.001) and the posterior
electrodes (F(3, 57)=14.010, P<0.001). Results of multi-
ple comparison for the three areas indicated that there was
no significant difference between SBs and IPBs at the
anterior electrodes, P>0.008, PWBs and IPBs at the cen-
tral electrodes, P>0.008, PPBs and IPBs at the posterior
electrodes, P>0.008, while the other pair-wise compari-
sons were significant, P<<0.008. All effects were distributed
bilaterally across HEMs.

In the TW of 700-1100 ms, the main effect of COND
was observed (F(3, 57)=13.098, P<0.001). Further post
hoc tests indicated that pair-wise comparisons were
significant between SBs (M=-0.894, S.E.=0.256) and
PWBs (M=-0.037, S.E.=0.256), P<0.005; SBs and
PPBs (M=0.163, S.E.=0.290), P<0.001; SBs and IPBs
(M=0.776, S.E.=0.184), P<0.001. Besides, the pair-
wise comparisons approached significance between
PWBs and IPBs, P=0.009<0.01, while the other pair-
wise comparisons were not significant, P>0.008. No
interactions were provable between the factors CONDXHEM
and CONDXREG.

The CPS amplitude elicited by IPBs (M=0.776) seemed a
little larger than that by PPBs (M=0.729), but the result of
statistical analysis indicated that there was no significant dif-
ference (F(1,19)=0.027, P>0.05). The analysis of onset la-
tency revealed that the CPS elicited by PPBs started in
320-330 ms latency range and 370-380 ms for IPBs fol-
lowed by a long and uninterrupted series of bins with signif-
icant effect of boundaries. However, the deflection elicited by

PWBs started in 410—420 ms latency range.
The present auditory experiment indicated that IPBs

elicited positive shift reliably, which strongly resembled the
CPS component as established by previous studies (Isel et
al., 2005; Pannekamp et al., 2005; Steinhauer et al., 1999;
Steinhauer, 2003). Most importantly, this ERP effect was
also evoked whenever listeners detected PPBs. Both of
them were associated with prosodic phrase processing,
had a positive polarity, and displayed a bilateral centro-
parietal scalp distribution with largest amplitudes at the
posterior electrodes. Given all these characteristics, we
identified the shifts elicited by PPBs and IPBs as the CPS.
In contrast to previous studies (Steinhauer et al., 1999,
2001; Steinhauer, 2003; Pannekamp et al., 2005), we
replicated a CPS effect for the processing of critical sylla-
bles located at the PPBs and IPBs using natural speech
without any ambiguity. The replication of the CPS demon-
strated the robustness of this physiological correlate. How-
ever, the ERP effect of PWBs was not so promising. PWBs
in the current experiment did not induce the CPS, but only
amplitude variation waving around the baseline. According to
the acoustic analysis, the length of pre-boundary syllable for
PWBs (M=211.800 ms) was significantly shorter than PPBs
(M=276.360 ms) and IPBs (M=263.080 ms), and there was
no pause insertion for PWBs. Theoretically the processing of
PWBs should be faster than PPBs and IPBs, and accordingly
show shorter onset latency relative to these two CONDs.
However, the shifts elicited by PWBs started in 410—420 ms
latency range, and might not be triggered by pre-boundary
syllable. Besides, they showed frontal scalp distribution (see
Fig. 3: the upper one), which further indicated that the shifts
related to PWBs were not the CPS.

Special attention should also be paid to the point that the
CPS evoked by the two CONDs manifested difference in
visual detection and statistical analysis: the CPS elicited by
PPBs showed shorter onset latency as compared with the
one evoked by IPBs. Given that the waveforms were time
locked to the onset of the pre-boundary syllable, and the
difference in D2 (duration of pre-boundary syllable+length of
pause) for PPBs and IPBs was significant, it was reasonable
to suspect that the onset latency difference in the CPS
for the two CONDs might reflect the increased duration of
that pause in IPBs relative to PPBs COND. Besides, the
CPS amplitude for IPBs was somewhat larger than the one
for PPBs, which may also be partially attributable to the
longer pause insertion of the former COND. In order to
explore the contribution of the pause, the second experi-
ment was conducted with pause removal in both PPBs and
IPBs CONDs, which was similar to the third experiment in
Steinhauer et al. (1999). Thus in the experiment 2, the
entire pauses in both CONDs were carefully removed,
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preserving other prosodic boundary cues intact. The two
resulting CONDs were referred to PPBs’ and IPBs’ re-
spectively. If the original latency difference between PPBs
and IPBs disappeared and the amplitude were somewhat
lower in new CONDs, it would confirm the impact of pause
on boundary processing.

EXPERIMENT 2
EXPERIMENTAL PROCEDURES

Participants.  The participants were 19 right-handed univer-
sity students (7 men and 12 women, at the age of 18-25 years,
with the mean age of 21.8 years) with similar characteristics to
those from experiment 1, and were paid for their participation.

Stimuli.  The stimulus materials were the same as experi-
ment 1, for the exception of CONDs PPBs and IPBs were replaced
by PPBs’ and IPBs’'.

Procedure and EEG recording. The procedure and EEG
recording were identical to those of experiment 1.

Data analysis. The data were preprocessed using the same
procedure as in experiment 1, with the same type of statistical
analysis. The only difference was that the positive shift elicited by
IPBs’ was observed in the TW of 300—700 ms after the acoustic
onset of the pre-boundary syllables, thus, this TW was selected for
analysis in both PPBs’ and IPBs’ CONDs.
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RESULTS

As shown in Fig. 4, PPBs’ and IPBs’ elicited positive shifts
starting at about 200 ms after the onset of pre-boundary
syllables respectively. Due to the scalp topography (see
Fig. 3: the lower one), the latency and the morphology of
the positive-going ERP in the two CONDs, we also inter-
preted the deflection as the CPS. Besides, PWBs only
induced amplitude variation more positive over centro-
frontal electrodes compared with the one related to SBs.

In the TW of 300—700 ms, the main effect of COND was
observed (F(3, 54)=21.666, P<0.001). Further post hoc
tests indicated that pair-wise comparisons were signifi-
cant between SBs (M=-1.219, S.E.=0.208) and PPBs’
(M=0.532, S.E.=0.228), P<0.001; SBs and IPBs’
(M=0.568, S.E.=0.182), P<0.001, PWBs (M=-0.674,
S.E.=0.209) and PPBs’, P<0.008; PWBs and IPBs’,
P<0.008. However, the pair-wise comparisons were not
significant between SBs and PWBs, P>0.008, PPBs’
and IPBs’, P>0.008. A CONDXREG interaction (F(6,
108)=2.800, P<0.05) was shown in this TW. Simple effect
analysis revealed that the effect of COND was not signif-
icant at the anterior (F(3, 54)=1.76, P>0.05) and posterior
areas (F(3, 54)=0.59, P>0.05), but significant at the cen-

Fig. 4. Grand average waveforms over participants (n=19), time locked to the onset of pre-boundary syllable at selected channels for SBs, PWBs,
PPBs’ and IPBs’, four CONDs are superimposed. CPSypg.. and CPS 5., represent the CPS elicited by PPBs’ and IPBs’ respectively.
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tral electrodes (F(3, 54)=6.87, P<0.01). Results of multi-
ple comparison indicated that there was no significant
difference between SBs and PWBs, P>0.008, PPBs’ and
IPBs’, P>0.008, while other pair-wise comparisons were
significant, P<<0.001. In addition, a CONDXHEM interac-
tion was also shown (F(6, 108)=3.573, P<0.01). Simple
effect analysis revealed that the effect of COND was not
significant at the left (F(3, 54)=2.40, P>0.05) and midline
(F(3, 54)=0.57, P>0.05), but significant at the right HEM
(F(3, 54)=5.89, P<0.01). Results of multiple comparison
indicated that there was no significant difference between
SBs and PWBs, P>0.008, PPBs’ and IPBs’, P>0.008,
while other pair-wise comparisons were significant, P<
0.008.

The analysis of onset latency revealed that the CPS
started in 320—330 ms time range for PPBs’, and 310—
320 ms for IPBs’ followed by a long and uninterrupted
series of bins with significant effect of boundaries. How-
ever, the deflection elicited by PWBs started in 310—
320 ms time range and interrupted at about 340 ms.

ERP results for the new CONDs PPBs’ and IPBs’
confirmed that even without pause, prosodic boundaries
were still perceived by the listeners, since we observed the
CPS stably in these two CONDs. This finding clearly dem-
onstrated that the original pause insertion was a dispens-
able cue for the hearers’ detection of prosodic boundary in
the presence of other prosodic parameters. It indicated
that the CPS effect reflected the processing of prosodic
boundary rather than the perception of a pause interrupting
the speech input, which has been showed by other re-
searchers (Nan et al., 2006; Steinhauer et al., 1999; Stein-
hauer, 2003). In addition, although the deflection induced
by PWBs seemed a little positive in centro-frontal area
(see Fig. 3: the lower one), it was not statistically different
from the shift elicited by SBs. It seemed impossible to
define it as the CPS.

It is important to note that pause is very essential for
marking the level of prosodic boundaries. The removal of
pause may have reduced the difference between IPBs and
PPBs, and thereby modified the perception of IPBs to
some extent. As indicated by this experiment, the original
onset latency difference of the CPS elicited by PPBs and
IPBs in experiment 1 was indeed mainly determined by the
increased duration of that pause in IPBs as compared with
PPBs. When the pauses were entirely removed, the CPS
latency for IPBs’ was much shorter (started in 310-320 ms
latency range for IPBs’, but 370-380 ms for IPBs), and
almost equal to the one related to PPBs and PPBs’ (both
started in 320-330 ms time range). It appears that the
processing of prosodic boundaries was much quicker after
pause removal, which was reflected by the shorter latency
in the ERP.

Furthermore, the pauses maybe also influenced the am-
plitude of the positive shift: when the pauses were removed,
the mean amplitude of the CPS was reduced from 0.729 uv
to 0.532 pv for PPBs, and from 0.776 uv to 0. 568 uv for
IPBs. To provide evidence statistically, we conducted another
two ANOVAs with mean amplitude in each TW as dependent
factor, with COND (PPBs and PPBs’, or IPBs and IPBs’),

REG and HEM as independent factors. The two ANOVAs
showed no main effect of COND (PPBs and PPBs’: F(1,
18)=0.002, P>0.05; IPBs and IPBs’: F(1, 18)=0.707,
P>0.05), and no interactions were provable between the
factors CONDXHEM and CONDXREG. Thus, although it
seemed that the impression of phrasing was reduced by
pause removal, the CPS amplitude was not significantly
influenced.

To sum up, pause was not the decisive cue to elicit the
CPS, but it can modify this ERP component effectively.

DISCUSSION

This research intends to investigate the electrophysiolog-
ical responses to the processing of prosodic hierarchical
boundaries in sentences. Many homophones with the
same onset, rhythm and tone in Mandarin Chinese give us
a good opportunity to provide answers to this question. By
manipulating the boundary size between two critical sylla-
bles, prosodic hierarchical boundaries were realized in four
sentences of each group at the same position. Using this
kind of natural material, the current study replicated the
result obtained in studies by Steinhauer and other re-
searchers, showing that there were bilateral positive vari-
ations at central and parietal electrodes (the CPS) in cor-
relation to IPBs. Second, and most importantly, it clearly
showed that PPBs, as a lower level in the sentence pros-
ody hierarchy, also elicited this positive deflection with
similar temporal pattern of latency and scalp distributions.
Furthermore, differences were obvious between the CPS
evoked by these two CONDs, that is, the CPS elicited by
IPBs showed longer onset latency and a little larger am-
plitude (although not significant statistically) compared with
the one elicited by PPBs. However, when the pauses in the
vicinity of boundaries were entirely removed, the original
onset latency difference between PPBs and IPBs disap-
peared. As the lowest prosodic level investigated in the
current study, PWBs did not induce the CPS, but only
amplitude variation waving around the baseline.
Phonological phrases are at a lower level of the pro-
sodic hierarchy, and may not necessarily correspond to
syntactic boundaries. In addition, position and size of
PPBs depend on several factors such as speech rate and
hesitations (filled or unfilled pauses), which make them
more difficult for listeners to detect (Ischebeck et al., 2008).
However, phonological phrases are an important constitu-
ent in the sentence prosodic hierarchy and show similari-
ties with intonational phrases in its acoustic correlates,
such as the pitch reset of the bottom line of intonation
counter and the prefinal lengthening. Furthermore, phono-
logical phrases and intonational phrases have the shared
function of segmenting sentences into smaller units. Re-
search about developmental psychology has suggested
that even newborn infants can perceive the cues correlate
with PPBs (Christophe et al., 2001), and begin to react to
the disruption of phonological phrases in whole sentences
at about 9 months old (Gerken et al., 1994). Further stud-
ies have also shown that phonological phrases help infants
and adults to segment spoken sentences into words
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(Christophe et al., 2001, 2004; Gout et al., 2004; Millotte et
al., 2007). These findings indicate that although PPBs are
more difficult to detect in comparison to IPBs, listeners are
very sensitive to them. The CPS occurs immediately when
PPBs are perceived. It is probable that the CPS correlate
with PPBs might have the same mechanism underlying the
phrasing process, given the fact that the CPS elicited by
PPBs and IPBs holds a similar timing pattern and topo-
graphical distribution.

As an independent level in sentence prosodic hierar-
chy, PWBs were expected to evoke the CPS effect like
PPBs and IPBs. However, both auditory experiments
showed the opposite results. Although the amplitude vari-
ation elicited by PWBs had a positive trend compared with
SBs, it diverged in shape, temporal pattern and scalp
distribution from the standard CPS. The reason why they
cannot evoke the CPS may result from the fact that the
prosodic words used in the experiments were not very
typical. As we mentioned in the introduction, prosodic word
consists of a content word, potentially grouped with some
functional elements (Christophe et al., 2003). Neverthe-
less, in order to create proper stimulus complying with the
purpose of our experiments, prosodic words in the current
study only include a content word without any function
word. These atypical prosodic words might lead to the
weak acoustic makers of the PWBs as reflected in Fig. 1,
and thereby the impression of phrasing was reduced. De-
scriptively, no difference existed in the length of pre-
boundary syllable and pause between PWBs and SBs.
Further, the statistical analysis showed that there was no
significant difference between the two CONDs for the pitch
reset (the difference between F2 and F1), although it was
much higher across PWBs (M=10.09) as compared with
SBs (M=-6.50). In principle, phrasing and phrase bound-
ary detection rely on both temporal and spectral cues.
However, the distinction of very fine-grained temporal fea-
tures seems to play the most important role (Neuhaus et
al., 2006). At least for the sentences used in the current
study, listeners did not clearly detect the PWBs marked
only by pitch movement, and accordingly the CPS could
not be elicited in the listener's ERP. Nevertheless, it was
also possible that PWBs cannot elicit the CPS in any
CONDs. As some researchers have stated, the speech
stream may be spontaneously perceived as a string of
prosodic units, roughly corresponding to phonological
phrases (Christophe et al., 1997, 2001). Prosodic words
are not a constituent easy to detect without paying special
attention to the prosodic information, so they cannot elicit
stable brain response, which have been shown by the
inconsistent results in the two auditory experiments. How-
ever, this is only our speculation. Whether the CPS can be
elicited by PWBs in more typical CONDs is worthy of
investigation in future.

In accordance with the cue-trading hypothesis, exper-
iment 2 clearly showed that even after pause removal the
remaining acoustic parameters (such as constituent
lengthening) prove sufficient to mark the prosodic bound-
ary in PPBs’ and IPBs’, since both CONDs elicited the
CPS stably. The current data further indicated that the

CPS was not simply related to the pause at the boundary
but to an entire ensemble of prosodic cues, including the
pre-boundary lengthening and changes in the FO contour.

Although pause of prosodic boundary was not a nec-
essary or sufficient factor to elicit the CPS, it can modify
this ERP component effectively. For the onset latency
difference between PPBs and IPBs in experiment 1, it was
suspected that the longer pause duration in the later
COND may be the most potential factor. In order to exam-
ine this possibility, we carefully removed the entire pauses
of the both CONDs. As expected, the CPS indeed showed
much shorter onset latency for new COND IPBs’ (started
in 310-320 ms time range) as compared with IPBs (started
in 370-380 ms time range) and PPBs (started in 320—
330 ms time range). This result clearly showed the impact
of pause on boundary processing. However, it was not the
case for PPBs: the CPS elicited by PPBs started in the
320-330 ms time range regardless of the presence or
absence of pause. This may be because no linear corre-
lation exists between perceived boundary strength and
acoustic cues. In other words, it is unlikely that once
acoustic parameters vary in quantities, they will induce
cognitive difference. A closer look at the acoustic analysis
revealed that the pause for PPBs was only about 65 ms
(279.16 ms for IPBs). It was conceivable that the pause of
this length was not long enough to evoke the CPS latency
difference. The present result may also be explained from
another aspect. Pause is the acoustic correlate of strong
prosodic boundary (Wang and Yang, 2002), and higher
prosodic hierarchy is more dependent on pause to dem-
onstrate its boundary. Thus, when pauses were removed,
it had more influence on IPBs than on PPBs, which was
reflected by the different modification on these two CONDs
at onset latency.

The CPS is exclusively relying on pure prosodic infor-
mation (Pannekamp et al., 2005), thus the phonological
difference may be the most probable factor to explain the
CPS amplitude difference existing between PPBs and
IPBs. IPBs are ranked higher than PPBs in sentence pro-
sodic hierarchy. The manifestation in acoustic phonetic
markers was that IPBs have larger pitch reset crossing the
boundary and much longer silence as compared with
PPBs, although pre-boundary syllable lengthening was
shorter in some way. The result from music processing has
indicated that the CPS amplitude depends on classical
phrase boundary markers, such as pause length, prefinal
lengthening (Neuhaus et al., 2006). Although each of the
acoustic cues was not a sufficient factor to elicit the CPS,
the impression of “phrasedness” caused by these factors
was much stronger for IPBs. From this perspective, the
CPS amplitude reflects the extent to which prosodic rep-
resentations are activated, which is in congruence with
prior findings (Steinhauer and Friederici, 2001; Steinhauer,
2003).

The study of perception of phrase structure in music
has shown that the CPS does not directly reflect the de-
tection of the phrase boundary as such but rather memory-
and attention-related processes, which are necessary for
the transition from one phrase to the next (Knésche et al.,
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2005; Nan et al., 2006, 2008). As in music, prosodic
boundary processing in language could also be seen as a
complex process comprising several cognitive subcompo-
nents, like the detection of prosodic boundary cues, the
reorientation of attention, the integration of information
among prosodic units, etc. It is suspected that neither the
CPS elicited by PPBs nor the one elicited by IPBs should
be viewed as monolithic, but more likely consisting of
multiple subcomponents reflecting multiple sub-processes.
Nevertheless, the present results cannot show which fac-
tor contributes more to the elicitation of the CPS. Further-
more, some researchers demonstrated that during a dia-
logue if the focus of attention has been directed toward a
certain word, the CPS will follow this word (Hruska et al.,
2001; Toepel et al., 2007). Taking the whole picture into
consideration, we may conclude that the CPS is a complex
component and the particular COND of its elicitation de-
serves further investigation.

CONCLUSION

The ERP data from the present study suggested that the
CPS occurred immediately when prosodic phrase bound-
aries were perceived, that is, not only IPBs but also PPBs
elicited the CPS component. The amplitude variation elic-
ited by PWBs was only more positive compared with the
deflection elicited by SBs. Although pause was not a nec-
essary factor to elicit the CPS, it can modify its onset
latency and amplitude.
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