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esign and materials

e manipulated the normality of the rhythmic pattern and the
emantic congruency between the verb and the noun. The exper-

ment had four conditions, each containing 72 sentences (see
able 1): semantically congruent with the acceptable [1�1] pat-

ern (i.e., SEM�RHY�), semantically congruent with the abnor-
al [2�1] pattern (i.e., SEM�RHY�), semantically incongruent

ith the acceptable [1�1] pattern (i.e., SEM�RHY�), and se-
antically i n c o n g r u e n t w i t h t h e a b n o r m a l [2�1] pattern (i.e.,

EM�RHY�). Each critical sentence comprised a main subject
oun (S), a verb (V1), an object noun (N2), a second verb (V2),
nd its object noun (N2). These constituents were structured as

S�(V1�N1)�(V2�N2),” with the subject followed by two verb
hrases. The subject of the critical second verb phrase (i.e., the

erb–noun combination) was a personal noun denoted either by
he main subject of the sentence (i.e., S) or by the object of the

ain verb (i.e., N1).
Seventy-two pairs of critical verbs were selected, with one

erb in each pair monosyllabic (e.g., , zhong, to plant) and one
erb disyllabic (e.g., , zhongzhi, to plant). The selection of

he verbs was stringent such that each pair of verbs was syn-
nyms, expressing the same or similar meanings and having the

ame syntactic properties. These verbs initially appeared with the
onosyllabic form in history but were given a disyllabic form in
odern Chinese via the combination of the morphemes with other
orphemes of similar or related meanings. This expansion was to

void the phonological ambiguity of monomorphemic words and
hus the increased processing load given that the Mandarin Chi-

ese uses only about 1400 syllables and there are a large number
f homophonic morphemes in the language. Although the disyl-

abic verbs and the corresponding monomorphemic counterparts
ay differ in some way, such as nominalization (i.e., the disyllabic

nes can be used as nouns in some context while the monosyl-
abic ones cannot), they are of similar meanings and usages when

hey act as verbs, as in the present study. Hence the verbs were
ombined with a monosyllabic noun which fit the selectional re-
trictions of the verbs (e.g., , suan, garlic), forming the

EM�RHY� and the SEM�RHY� conditions. The same mono-

yllabic noun was recombined with another pair of verbs, which
ere semantically incongruent with the noun, to form the
EM�RHY� and the SEM-RHY� conditions.

The stimuli were split into two test versions, such that in each
ersion there were 36 sentences from each condition. The same

onosyllabic noun appeared twice in a list, once following a
emantically congruent monosyllabic verb (i.e., the SEM�RHY�
ondition) and once following a semantically incongruent disyl-

abic verb (the SEM�RHY� condition), or once following a se-
antically incongruent monosyllabic verb (the SEM�RHY� con-

ition) and once following a semantically congruent disyllabic verb
the SEM�RHY� condition). Consequently the same noun ap-

eared twice in a list, but with different verbs of different lengths.
ne hundred and eight filler sentences of various syntactic struc-

ures were added to each list and 18 of them had semantic
ismatches between the verb and the object noun.

The semantically congruent sentences were assessed for
heir semantic acceptability and naturalness of expression. The

aturalness of expression measures the native speaker’s general
ntuition towards various aspects of the sentence, including se-

antic, syntactic, pragmatic and prosodic structures. In this study,
oth the semantic congruency and the rhythmic pattern for the

erb-noun combination would contribute to the judgment of natu-
alness of the experimental sentences, as indicated by the pretest

elow. The 72 pairs of sentences from the SEM�RHY� and
EM�RHY� conditions were split into two versions in a counter-

alanced manner. Ten participants, who were not tested for the
RP experiment, was asked to rate one list in terms of semantic

cceptability and another list in terms of naturalness of expres-
ion, while another 10 participant were asked to do the opposite

or the two lists. A 5-point scale was used for each rating, with “1”
ndicating that the sentence was semantically anomalous or the

xpression was unnatural, and “5” indicating that the sentence
as semantically acceptable or that the meaning of the sentence

a s e x p r e s s e d i n a c o n v e n t i o n a l w a y . F o r s e m a n t i c a c c e p t a b i -
ity, sentences with abnormal rhythmic patterns M
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ere tested in the formal experiment. The entire session, including
lectrode application and removal, lasted about 2 h.

EG recording

he electroencephalogram was continuously recorded from 62
calp electrodes mounted on an elastic cap according to the

xtended 10 –20 system, with the addition of two mastoid elec-
rodes. Signals from these electrodes were referenced online to
he left mastoid and were re-referenced offline to the mean of the

eft and right mastoids. Eye blinks and vertical eye movement
ere monitored with electrodes located above and below the left

ye. The horizontal electro-oculogram was recorded from elec-
rodes placed 1.5 cm lateral to the left and right external canthi.

he electrode impedance was less than 5 k�. The EEG was
mplified (bandpass 0.01–70 Hz) and digitized at 500 Hz.

ime-frequency analysis

he TF wavelet decomposition of the EEG activity was used to
uantify changes in oscillatory activity. The EEG was convoluted

ith complex Morlet’s wavelet w(t, f0) (Kronland-Martinet et al.,
987) that has a Gaussian shape both in the time domain (SD �t)

nd in the frequency domain (SD �f) around its central frequency f0:

w ( t, f 0 )�A exp(�t ^ 2 ⁄ 2�t ^ 2 ) exp( 2 i�f0 t )

ith �f�1/2��t. Wavelets were normalized so that their total
nergy was 1. The normalization factor A was determined with
�1/sqrt(�t�sqrt(� )).

The unique characteristics of the time-frequency wavelet de-
omposition are revealed by the time and frequency resolution of
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erior (Pz, POz). For the lateral analysis, the additional factors
ere Hemisphere (left and right) and Region (anterior, central,

nd posterior). Thus lateral electrodes were organized into six
egions of interest (ROIs), each having five or six representative

lectrodes: left anterior (F1, F3, F5, FC1, FC3, FC5), left central
C1, C3, C5, CP1, CP3, CP5), left posterior (P1, P3, P5, PO3,
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In the early low beta window, normal sentences were
ssociated with both ERD over posterior regions and ERS
ver the others. ERD was distributed over the central and
osterior regions in the SEM�RHY-condition, in the cen-

ral and posterior regions in the SEM�RHY� condition,
nd in most regions of the left hemisphere in the

EM�RHY� condition. There was no significant main
ffect of SEM or RHY. But SEM�Region interaction was

ignificant both in the midline and the lateral analysis (Ta-
le 4). Further analysis showed that the semantically in-

ongruent sentences induced a larger ERD in the anterior
egion for the midline, and a marginal effect in the anterior
egion for the lateral, F(1,15)�3.84, P�0.069, compared

o the semantically congruent sentences. This effect was
ot found in the central or posterior regions (Ps�0.1).

In the early upper beta window, the distribution of
RD/ERS was similar to that in the early low beta window.
NOVAs showed that the main effect of neither SEM nor

HY reached significance. The SEM�Region interaction
as significant in both midline and lateral analysis (Table

). However, further analysis revealed no significant effect
f SEM in either region (Ps�0.1).

In the late theta window, global ERS was induced in all
our conditions (Fig. 1). ANOVAs revealed no significant

ifferences between conditions in midline analysis. In lat-

able 5. TF analysis in the late time window. Only significant results
re shown. SEM, RHY and Region are the three factors in the midline
nalysis, while SEM, RHY, Region and Hemisphere are the four

actors in the lateral analysis. Separate analyses were conducted only
hen significant interaction was found

requency Factor Later (400–657 ms)

F df P

heta (4–6 Hz) Lateral analysis
SEM�Hemisphere 8.86 1, 15 0.009
RHY�Hemisphere 4.77 1, 15 0.045

lpha (10–15
Hz)

Midline analysis

SEM 5.85 1, 15 0.029
SEM�RHY 18.59 1, 15 0.001

Lateral analysis
RHY 5.90 1, 15 0.028
SEM�RHY 8.04 1, 15 0.013
ral analysis, there was no significant main effect of SEM t
r RHY, but there were significant SEM�Hemisphere in-
eraction and RHY�Hemisphere interaction (Table 5).

owever, further analysis showed no differences between
onditions in left or right hemisphere.

In the late alpha window, all four conditions induced
RD (Fig. 1). ANOVAs revealed a significant main effect of
EM in the midline analysis, with larger power decreases

or semantically incongruent than for congruent sentences.
his effect was also marginally significant in lateral analy-

is, F(1,15)�3.98, P�0.064. A significant main effect of
HY was also found in lateral analysis (Table 5), suggest-

ng that the abnormal rhythmic pattern induced larger ERD
han the normal rhythmic pattern. The SEM�RHY interac-
ion was significant for both the midline and the lateral.

urther analysis showed that when sentences were se-
antically congruent, the abnormal rhythmic pattern in the

EM�RHY� condition induced a larger power decrease
elative to the SEM�RHY� condition for both the midline

nd the lateral. In contrast, when sentences were seman-
ically incongruent, no difference was found between

EM�RHY� and SEM�RHY� conditions (P�0.1). On
he other hand, when sentences had normal rhythmic pat-
ern, the semantic in congruency in the SEM�RHY� con-

ition induced a larger power decrease relative to
EM�RHY�, for both the midline and the lateral. In con-

rast, when sentences had abnormal rhythmic patterns, no
ifference was found between SEM�RHY� and SEM�

HY� (F�1).
In the late low beta window, ERD was again found in all

our conditions. ANOVAs revealed a significant main effect
f SEM for both the midline and the lateral (Table 5). This

howed that the semantically mismatching noun elicited
arger power decreases in this window than the semanti-

ally congruent noun. No other main effect or interaction
as found.

In the late upper beta window, consistent with the low
eta window, all four conditions induced ERD. ANOVAs

evealed a significant main effect of RHY in lateral analysis
Table 5), suggesting that sentences with the abnormal
hythmic pattern induced larger ERD than those with nor-

al rhythmic pattern. No other main effect or interaction
as significant.

DISCUSSION

he processing of semantic constraints and of
hythmic pattern can be partially distinguished in
rain oscillation

or the first time we showed that the processing of seman-
ic constraints and of rhythmic pattern can be distinguished

n both early and late stages of brain oscillation. In the early
ime window from 0 to 200 ms, power in the low beta band

as associated with semantic congruency, as critical
ords in semantically incongruent sentences inducing a

reater decrease than the same words in congruent sen-
ences in anterior regions. Conversely, an early change in
he theta band power in the same time window was asso-

iated with the processing of rhythmic pattern, as sen-

ences with abnormal rhythmic pattern inducing larger ERS
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n left sites than sentences with normal pattern. Moreover,
n early change in alpha band power was also associated

ith rhythmic pattern, with a weaker ERD in sentences
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010), with TF analysis we found that the effect of rhythmic
attern was as early as the effect of semantic congruency.

he simultaneous processing of semantic and of rhythmic
attern information in Chinese sentence reading, as sug-
ested by the EEG oscillatory activity, is in agreement with

behavioral study suggesting that the semantic and pho-
ological information of the Chinese word is activated with
o significant temporal difference (Zhou and Marslen-Wil-

on, 2000). But given that the timing of EEG data pre-
ented in the time-frequency domain is not as precise as

hat presented in the time domain (Pfurtscheller and Lopes
a Silva, 1999), i.e., the time resolution for time-frequency
nalysis is lower than that for traditional ERP analysis, and
iven that the signal conversion to time-frequency repre-

entation using a moving time window smears over time
Willems et al., 2008), further evidence is needed to derive

rm conclusions concerning the subtle differences in time
ourse of oscillatory activity.

In the later time window from 400 to 657 ms, a larger
ecrease in power in the low beta band was specifically

elated to semantic congruency, while a similar decrease
n power in the upper beta band was specifically related to

hythmic pattern. These findings highlight the differentia-
ion between the processes of semantic constraints and

hythmic pattern in the later stage, which was also found in
he ERP analysis (Luo and Zhou, 2010). In that study, we
ound different ERP patterns for these two types of pro-

esses between 200 and 700 ms, as the semantic violation
licited a central-maximum N400 effect, while the abnor-

al rhythmic pattern elicited a posterior positivity effect
nd an anterior negativity effect. Thus, the dissociation of

he processes of semantic constraints and rhythmic pat-
ern can be reliably found in different analyses of the EEG

ata.
We also observed similarities for the processing of

emantic constraints and the processing of rhythmic pat-
ern, as a larger decrease in alpha band power was found
or conditions with semantic incongruency or abnormal

hythmic pattern compared with normal sentences. More-
ver, the interaction between semantic congruency and

hythmic pattern for this time-frequency window showed
hat the double violation with both semantic mismatch and

bnormal rhythmic pattern did not induce larger power
ecreases than either of the single violations. We assume

hat the alpha oscillatory activity may reflect the same
rocess shared by the processing of semantic constraints
nd rhythmic pattern.

One might wonder to what extent the observed simi-
arities and dissociations of brain activations for the pro-

essing of semantic constraints and rhythmic pattern had
een affected by task demand as we used a “dual” task

hat demanded participants’ explicit responses to semantic
ongruency and the naturalness of expression. If the

eader has no explicit task but reads the sentences pas-
ively, or listens to spoken sentences, as in some of the

revious TF studies on semantic processes (Bastiaansen
t al., 2002; Davidson and Indefrey, 2007; Hagoort et al.,
004; Hald et al., 2006), do we still obtain the same pattern

f effects as here? Although we could not give a definite
nswer to question with further experiments, the fact that
ur findings for semantic processing were both similar (in
lpha band) and dissimilar (in theta band) to those in
assive reading (see the discussions in the follow section)

uggests that the task demand cannot be the whole story.
e expect that the dissociation in EEG oscillation for

emantic and prosodic processes would still be observable
n other tasks or in the auditory modality, in which prosodic
nformation matters more. Then could the reader adopt

ifferent strategies during the experiment or put different
eights on the two tasks and hence change the pattern of

nteraction between semantic and prosodic processes?
ur participants responded correctly (over 90%) to trials of

ach of the four experimental conditions, suggesting that
hey understood the tasks correctly and could reliably con-

uct the two tasks simultaneously throughout the experi-
ent. Moreover, the fact that we obtained effects for both

emantic congruency and prosodic abnormality in the
–200 ms time window demonstrates that semantic and

rosodic processing can be conducted hand by hand, at
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ailed descriptions of this structure and its functions in
entence comprehension) and we examined the theta os-
illation associated with the verb. No statistically significant

ifference was found in the theta power change between
he semantically matching and mismatching verbs, consis-
ent with the present null effect on the noun. There could

e two possible explanations for the inconsistency be-
ween the previous work and our results. One assumes
hat the theta power increase is related to task demand.
n the previous work, participants were required to attend
o the stimuli with no need to give a response (Bastiaansen

t al., 2002; Davidson and Indefrey, 2007; Hagoort et al.,
004; Hald et al., 2006). In this study, however, partici-
ants had to complete an acceptability judgment task after
ach sentence. The alternative explanation is that the
resence of theta power increase for semantic violation
epends on the language structure, as Dutch and Chinese
iffer in a number of dimensions, including the writing

ystem. More evidence is needed to demonstrate the func-
ional significance of the theta power increase in language

omprehension.
Power changes in the alpha band for semantic viola-

ion and abnormal rhythmic pattern were found in either the
arly or the later time window. The alpha band activity has
een associated with general levels of attention or vigi-

ance (Harmony et al., 1996; Klimesch et al., 1999; Shahin
t al., 2009), with power reduction indicating active pro-

essing that consumes attentional resources and power
ncrease indicating cortical idling and/or inhibitory pro-

esses (Pfurtscheller and Lopes da Silva, 1999). On the
ther hand, the alpha band has also been implicated in

emantic processing in language tasks, with larger power
ecrease for active semantic processing than for simple

entence reading (Röhm et al., 2001). Willems et al. (2008)
eported decrease of alpha power in a study on semantic

ongruency. The semantic mismatch between the aurally
resented verb and noun induced power decrease in 8 –12

z in the 0 –300 ms window. But this effect was not found
n the semantic mismatch between spoken sentence con-

ext and the visually presented picture. They thereby inter-
reted the power decrease in the alpha band as an early
etection of mismatch in the linguistic stimuli based upon

he context of preceding sentence. The above attentional
nd semantic accounts are feasible in explaining the de-

rease in alpha that we found in this experiment.
In the later time window, both sentences with semantic

iolation and those with abnormal rhythmic pattern caused
ifficulty for the semantic integration process. One may
ssume that the decrease in alpha in the 400 – 657 ms time

indow simply reflects the semantic integration process
tself. However, the interaction between semantic congru-

ncy and rhythmic pattern was also found in this time
indow, as the power decrease did not differ between

ouble violation and the single violation of semantic con-
ruency or rhythmic pattern. This interaction may suggest

hat the alpha decrease is sensitive not only to processes
nderlying semantic integration, but also to processes un-

erlying the processing of rhythmic pattern. It is possible
hat all these processes are linked to the consumption of
ttentional resources.

We also found an effect of alpha power increase for the
bnormal rhythmic pattern in the early 0 –200 ms time

indow. This effect cannot be explained in terms of the link
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ower decrease in the later time window in the 20 –24 Hz
requency band for abnormal rhythmic pattern may reflect

reanalysis/repair process of prosodic structure after en-
ountering the abnormality of rhythmic pattern. Collabora-

ive work is needed to distinguish the various functions of
eta power.

CONCLUSION

y applying the TF analysis to the EEG data collected by
uo and Zhou (2010), the present study shows distinct
ower changes for the processing of semantic constraints
nd the processing of rhythmic pattern in both the early
nd the later time windows during Chinese sentence read-

ng, although similar decreases in alpha band power were
lso observed for semantic and rhythmic processing. The

ow beta decrease in the early window, the alpha and low
eta decrease in the later window were associated with the

iolation of semantic constraints, while the theta and alpha
ncrease in the early window, the alpha and upper beta

ecrease in the later window were associated with the
bnormal rhythmic pattern. These findings suggest that
ifferential neuro-cognitive processes are involved in the
rocessing of the two kinds of linguistic information in

hinese sentence reading.
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