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ABSTRACT

An event-related potential (ERP) experiment was conducted to investigate the development of
orthographic and phonological processing during Chinese sentence reading between school
children and adult readers. Participants were visually presented with sentences, word-by-
word, and were asked to judge whether the sentences were semantically acceptable. The
crucial manipulation was on the sentence-final two-character compound words, which were
either correct or incorrect. For the incorrect compounds, the second characters of the base
words were replaced by homophonic or orthographically similar characters. ERP results
showed that, across participant groups, the peak of P200 appeared earlier for the homophonic
condition than for the orthographic and the baseline conditions. Importantly, for both child
and adult readers, relative to the baseline, both orthographic mismatch in the homophonic
condition and phonological mismatch in the orthographic condition elicited N400 effects.
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studies demonstrate clear developmental courses from chil-
drento adults in phonological (Bonte and Blomert, 2004; Brem et
al., 2006; Coch et al., 2002, 2005; Grossi et al., 2001; Licht et al.,
1988), semantic (Atchley et al., 2006; Holcomb et al., 1992;
Juttonen et al., 1996) and syntactic processes (Oberecker et al.,
2005; Weber-Fox and Neville, 1998; Weber-Fox et al., 2006). In
this study, we examine the neurophysiological correlates of the
development of orthographic and phonological processing
during Chinese sentence reading by comparing, between school
children and adult readers, ERP responses to orthographic and
phonological mismatches between the input Chinese charac-
ters and the base characters embedded in sentence-final words.
This study continues our earlier investigation into the ERP
manifestation of the deficits in orthographic and phonological
processing in Chinese dyslexic children (Meng et al., 2007).

The Chinese language uses a logographic writing system in
which the basic orthographic units, the characters, correspond
directly to morphemic meanings and to syllables in the spoken
language. With some exceptions, each character represents
one morpheme and has one pronunciation in isolation,
although different characters may have the same pronuncia-
tions. Homophonic characters may or may not share graphical
forms. For example, @ (because of ) and g (negative) have the
same pronunciation, /yinl/, but their visual forms are differ-
ent; i} (honest) and #; (city) share the pronunciation, /cheng2/,
and part of the visual forms (i.e., the radical g, /cheng2/, suc-
cess, which is a meaningful character by itself). Orthographi-
cally similar characters, however, may or may not have similar
pronunciations (e.g., Bg /fu2/, clothes, and #§ /bao4/, newspaper).
Moreover, homophonic or orthographically similar characters
usually have no semantic relations between them. These
properties of the Chinese writing system allow us to tear apart
the roles of orthographic and phonological processes in access
to lexical semantics and in semantic integration during
sentence reading.

Indeed, these characteristics of the Chinese writing system
have been exploited in behavioral studies manipulating
orthographic and phonological similarities in stimulus sets
and experimental designs (e.g., Chua, 1999; Feng et al., 2001;
Perfetti and Zhang, 1995; Xu et al., 1999; Zhou and Marslen-
Wilson, 2000a, accepted). These studies, however, produced
two schools of thought concerning the role of orthographic
and phonological information in processing logographic
Chinese. One view, adopted from studies on reading alpha-
betic scripts, argues that phonology plays a dominant role
over orthography in constraining access to lexical semantics
in reading Chinese. Unfortunately, the experiments support-
ing this argument are mostly not replicable (see, for example,
Chen and Shu, 2001; Xie and Zhou, 2003). Another view
suggests that access to lexical semantics in reading Chinese is
driven by both orthographic and phonological information.
However, phonologically mediated access is not the predomi-
nant or default mechanism for linking visual input with lexical
semantic representation. Rather, the two routes — phonologi-
cal mediation and direct orthographic access - interact with
each other in access to semantics even though orthographic
information may play a stronger role than phonological
information in driving semantic activation (Chen and Shu,
2001; Feng et al., 2001; Xie and Zhou, 2003; Zhou and Marslen-
Wilson, 1999, 2000a, accepted).

The latter view is supported by a large number of experi-
ments, including developmental studies examining the rela-
tive roles of orthographic and phonological processing in
reading Chinese. For example, using an off-line proof reading
task in which the crucial characters in the text were replaced
with homophonic or orthographically similar characters, Song
et al. (1995) observed that school children missed more
erroneous homophonic than orthographically similar charac-
ters whereas college students showed the opposite pattern.
These results imply that Chinese school children may depend
more on phonological information than on orthographic
information in reading but direct access from orthography to
semantic becomes increasingly dominant with the develop-
ment of reading skills. Similar findings were also obtained for
Chinese school children when good and poor readers were
compared. When judging the semantic relatedness of a pair of
consecutively presented Chinese characters (e.g., far-near), a
homophone interference effect was found when one of the
original, semantically related characters was replaced with
orthographically dissimilar homophonic character (see Xu
et al., 1999). However, this effect correlated significantly with
the level of children's reading skill, with no effect for good
readers and a large effect for poor readers (Wang et al., 2000).
Another line of research also demonstrated the differential
uses of orthographic and phonological information in driving
semantic activation. Cho and Chen (1999) asked Korean
readers to carry out a semantic categorization task on
logographic Hanja (Chinese characters) and alphabetic Hangul
scripts. While less-skilled Hanja readers produced more false
positive categorization responses on homophone foils as well
as on visually similar foils than their corresponding controls,
skilled readers produced only a visual similarity effect but no
homophonic effect. For Hangul, both groups of participants
displayed homophonic effects. Thus both language proficiency
and script difference determine the role of orthographic and/or
phonological information in lexical processing.

In the present cross sectional study, we aim to examine the
impact of orthographic and phonological information upon
lexical semantic activation and its developmental profile by
recording ERP responses to orthographic and phonological
mismatches between the input characters and the base
characters during sentence reading. School children and adult
readers were presented, word-by-word, with sentences that
ended with the critical two-character compound words. The
crucial manipulation was on the second characters of these
compounds (see Table 1), such that the correct, base characters
were replaced by characters which were orthographically
similar to, but phonologically different from the base characters
(in the orthographic condition), or by characters which were
homophonic to, but orthographically different from the base
characters (in the homophonic condition). This manipulation
resulted in sentences ending with compound nonwords.
Although the incorrect input characters by themselves would
be able to access the corresponding morphemic representations
in the lexicon (Zhou and Marslen-Wilson, 2000b, accepted;
Zhou et al., 1999), the combinations of the first, correct
characters and the second, incorrect characters in the homo-
phonic and orthographic conditions could not activate strongly
the semantic representations of base compounds in the lexicon
and this would result in difficulties in integrating the current
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Table 1 - Design and sample stimuli

Conditions Sentence examples

A HHEF, BFNHFLRFARIR (KRE).
Orthographic Guoxinnian, haizimen dou chuanshang
piaoliang de yibao (yifu).
In the new year's day, children all dress up
with beautiful YIBAO (clothes).
B WEA, AMNERIFANEERRHARR).
Homophonic Jiejianri, renmen xihuan dao jiaowai
guanshang ziran fengjing (fengjing).
In holidays, people like to go out of town to
enjoy the natural FENGJING (FENGIING).
c F AR, R HHEFE AR
Baseline Guadafengshi, wo chumen douyao chuan
dangfeng de fengyi.
In windy days, | will dress an overcoat.

Words in brackets were the original words from which the critical
nonwords were created.

input with the prior sentential context. Moreover, because the
base compounds, the morphemes corresponding to the input
characters and the morphemes corresponding to the replaced
critical characters in the base compounds were all nouns, the
morphological processes involved in processing the compound
nonwords in the homophonic and orthographic conditions
should be similar and any differential ERP effects between the
conditions could only be attributed to the orthographic and
phonological mismatches between the input characters and the
base characters upon semantic processes.

Previous studies that manipulated the semantic, phonologi-
cal, or orthographic properties of the final words in English
sentence reading have generally found enhanced N400 compo-
nents for such mismatches or violations (Connolly et al., 1995;
Holcomb et al., 1992; Neville et al., 1993; Niznikiewicz and
Squires, 1996). Using the same design and sentences as here, we
also observed that orthographic and phonological mismatches
elicited more negative-going N400 components, relative to the
baseline, at the central-posterior scalp regions for both normal
and dyslexic school children (Meng et al., 2007). We therefore
predicted that such N400 effects should be observed for both
children and adult readers. Indeed it was shown that, for normal
school children, orthographic and phonological mismatches
elicited more negative ERP responses, relative to the baseline,
over a relatively long time course (including the time windows
for P200 and N400) at the central-posterior scalp regions and the
N400 effect was larger for orthographic mismatch than for
phonological mismatch. The crucial question now is to what
extent the pattern of ERP effects would be modulated by the
proficiency of reading skills.

2. Results
2.1. Behavioral data

The participants were asked to judgment whether the
sentences they just read were semantically acceptable. Mean
reaction times (RTs) and response error rates are shown in
Table 2. A 2 (children vs. adults) by 3 (baseline vs. orthographic

vs. phonological) ANOVA for RTs found a significant main
effect of participant group, F(1, 24)=21.25, p<0.001, with adults
(929 ms) responding faster than children (1248 ms). For error
rates, the main effect of participant group was significant, F(1,
24)=11.98, p<0.01, with children (15.30%) committed more
errors than adults (6.50%). No other effects were obtained in
either RT or error rate analysis.

2.2. ERP data

The number of trials included in the orthographic, the homo-
phonic, and the baseline conditions after rejecting judgment
errors and ERP artifacts was 53 (39-58), 53 (45-58), 53 (45-59), and
49 (33-58), 49 (34-57), 49 (44-54) for adult and children groups,
respectively. This made sure that the statistical powers
concerning the potential effects were roughly equivalent
across the two groups of participants and across experimental
conditions.

We investigated the general morphology of ERPs by aver-
aging ERP responses to the critical sentence-ending targets in
different conditions (see Figs. 1 and 2). The difference waves for
the orthographic and homophonic conditions, relative to the
baselines, are presented in Fig. 3. In both the orthographic and
the homophonic conditions, the character violations elicited a
N100-P200-N400 pattern. Statistical analyses were conducted
separately for the peak amplitudes of P200 and for the mean
amplitudes in the 300-500 ms time window. The peak latencies
for P200 and N400 were also examined. The participant group
was treated as a between-participant factor and the experi-
mental condition, anterior/posterior location (FC3, F3, FCz, Fz,
FC4, F4/CP3, P3, CPz, Pz, CP4, P4), laterality (left: FC3, F3, CP3, P3;
midline: FCz, Fz, CPz, Pz; right: FC4, F4 CP4, P4) and electrode
were treated as four within-participant factors. Statistical
analyses were conducted for both the original data and the
normalized data controlling for the typically larger ERP ampli-
tudes in children (see Experimental procedures).

2.2.1. P200

ANOVA for the peak amplitudes found no main effect of
participant group, F(1, 24)<1, but a significant main effect of
experimental condition, F(2, 48)=7.67, p<0.01. Further tests
showed that the peak amplitudes for the orthographic (7.26 pV)
and the homophonic (6.74 uV) conditions were significantly less
positive (0.05<p<0.1, p<0.01 respectively) than for the baseline
condition (8.14 pV). The main effect of anterior/posterior

Table 2 - Mean of RTs (in milliseconds) and error
percentages for the adult and child readers
Mean RT % Error
Adults Children  Adults  Children
Orthographic 927 (187) 1216 (173) 6.8 (3.6) 15.4 (11.4)
Homophonic 901 (167) 1261 (214)  6.9(3.9)  14.1(13.9)
Baseline 961 (187) 1266 (208) 5.8(6.8)  16.3 (6.7)

Standard deviations are presented in brackets.

Sentences in the baseline condition required “yes” responses while
sentences in the orthographic and the homophonic conditions
required “no” responses.
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Adults

F3 | Fz Fa

‘ \.,

Fca | Fcz FCa |

CP3 | CPz CP4

Fig. 1 - Grand average ERPs for the adult participants at 15 typical electrodes. The solid line was for the baseline condition, the
dotted line for the orthographic condition, and the gray line for the homophonic condition.

location was significant, F(1, 24)=28.98, p<0.001, with the tween condition and anterior/posterior location was significant,
anterior regions (9.14 pV) significantly more positive than the F(2, 48)=9.28, p<0.001, so the three-way interaction between
posterior regions (5.63 pV). Importantly, the interaction be- participant group, condition, and anterior/posterior location,
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Children

Fig. 2 - Grand average ERPs for the child participants at 15 typical electrodes. The solid line was for the baseline condition, the
dotted line for the orthographic condition, and the gray line for the homophonic condition.

F(2, 48)=7.09, p<0.01. Further tests indicated that, for children, significantly less positive (p<0.01) than for the baseline condi-
and at posterior regions, the peak amplitudes for the ortho- tion (7.76 pV). For adults, only the difference between the
graphic (5.68 nV) and the homophonic (4.57 pV) conditions were homophonic (4.59 nV) and the baseline (5.80 pV) conditions at
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FC3 |

Fig. 3 - Difference waveforms contrasting the homophonic and the baseline conditions and contrasting the orthographic and
the baseline conditions for the adult and the child participants.

posterior regions was marginally significant (0.05<p<0.1), group, F (1, 24) <1, but a main effect of condition, F(2, 48)=7.66,
although the peak amplitude showed a similar trend of p<0.001. Further tests showed that the peak amplitudes for the
increasing over the homophonic, the orthographic and the orthographic (5.52 pV) and the homophonic (5.00 pV) condi-
baseline conditions. tions were significantly less positive (p<.05 or p<0.01) than for

Analyses of the normalized data produced essentially the the baseline condition (6.40 pV). The main effect of anterior/
same pattern of effects. There was no main effect of participant posterior was significant, F(1, 24)=28.98, p<0.001. Moreover,
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the interaction between condition and anterior/posterior
location was significant, F(2, 48)=9.28, p<0.001, so the three-
way interaction between participant group, condition, and
anterior/posterior location, F(2, 48)=7.09, p<0.01. Further tests
found that, for the child participants, the peak amplitudes
increased linearly over the homophonic (5.00 pV), the ortho-
graphic (5.52 V) and the baseline (5.85 pV) conditions at
posterior regions, with a significant difference between the
homophonic and the baseline conditions (p<0.01). The adult
readers showed a similar trend, with the difference between
the homophonic (3.02 pV) and the baseline (4.23 uV) conditions
at posterior regions being marginally significant (0.05<p<0.1).
Analyses of the peak latencies found a significant main
effect of experimental conditions, F(2, 48)=3.96, p<0.05, with
the peak for the homophonic condition (230 ms) appearing
earlier (p<.05) than the peak for the baseline condition
(241 ms). The difference between the homophonic and the
baseline condition (243 ms) was more clearly seen at posterior
midline sites(222 and 243 ms respectively), as revealed by the
three-way interaction between experimental condition, ante-
rior/posterior, and laterality, F(4, 96)-2.91, p<0.05.

2.2.2. N400

The N400 effects for the orthographic and homophonic con-
ditions, relative to the baselines, can be seen clearly in the dif-
ference waves (Fig. 3) and the topographic map (Fig. 4). ANOVA
conducted for the mean amplitudes in the N400 window found a
significant main effect of participant group, F(1, 24)=5.31,
p<0.05, with the mean amplitude more negative for children
(-=1.69 pV) than for adults (0.72 V). Importantly, the main effect
of experimental condition was significant, F(2, 48)=50.95,
p<0.001, with the mean amplitude being increasingly more
negative over the baseline (1.71 uV), the orthographic (-1.15 pV),
and the homophonic (-2.02 pV) conditions (p<0.01). Moreover,

homophonic effect

" children

adults " 2 :

the interaction between experimental condition and participant
group was significant, F(2, 48)=5.39, p<0.01. Further tests
showed that, while both participant groups showed the N400
effects for the orthographic and the homophonic conditions,
relative to the baselines (Figs. 3 and 4), only the child group had a
significantly more negative mean amplitude for the homopho-
nic condition (-3.96 pV) than for the orthographic condition
(-1.96 nV; p<0.01), suggesting a larger N400 effect for the former
than for the latter condition relative to the baseline (see also
Fig. 3); moreover, the mean amplitude in the homophonic
condition was significantly more negative for the child partici-
pants (-3.96 pV) than for the adults (-0.08 pV; p<0.01).

The main effect of anterior/posterior was significant,
F(1, 24)=32.03, p<0.001, with the anterior regions (-2.23 pV)
significantly more negative than the posterior regions (1.26 pV).
The main effect of laterality was also significant, F(2, 48)=15.44,
p<.001, with the left side (0.54 1V) and the right side (-0.55 pV)
significantly less negative than the midline (-1.43 pV). Impor-
tantly, the three-way interaction between participant group,
experimental condition and anterior/posterior location was sig-
nificant, F(2, 48)=5.41, p<0.01. Further tests demonstrated that
the differential effect between the two participant groups in the
homophonic condition appeared at both anterior and posterior
regions (p<0.01) and children showed also more negativity than
adults in the baseline condition at anterior sites (p<0.01). The
three-way interaction between participant group, experimental
condition and laterality was not significant, F(4, 96)<1.

Analyses with the normalized data observed the same
pattern of effects, with a marginally significant main effect of
participant group, F(1, 24)=3.11, 0.05<p<0.1, and a significant
main effect of experimental condition, F(2, 48)=50.95, p<
0.001. Further tests showed that, across the participant groups,
the amplitudes for the orthographic (-0.98 uV) and the
homophonic (-1.85 pV) conditions were more negative

orthographic effect
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Fig. 4 - Topographic maps for the averaged N400 effects in the 300-500 ms time window for the child and adult participants,
contrasting the homophonic or the orthographic condition with the baseline.



(p<0.01) than the amplitude for the baseline condition
(1.88 nV); the difference between the orthographic and the
homophonic conditions was marginally significant (0.05<p<
0.1). Importantly, the interaction between participant group
and experimental condition was significant, F(2, 48)=5.39,
p<0.01. Further tests showed that the mean amplitude in the
homophonic condition was significantly more negative
(p<0.01) for children (-3.50 nV) than for adults (-0.19 pV).
Moreover, while the amplitudes in the orthographic and the
homophonic conditions were more negative (p<0.01) than the
baselines for both participant groups, showing the N400
effects, only for the child group was the amplitude in the
homophonic condition (-3.50 pV) more negative (p<0.001)
than the amplitude in the orthographic condition (-1.50 pV),
indicating a larger N400 effect for the former than for the latter
condition. The main effect of anterior/posterior location was
significant, F(1, 24)=32.03, p<0.0001, with more negative ERP
responses at anterior regions (-2.06 pV) than at posterior
regions (1.43 pV). The interaction between participant group,
experiment condition and anterior/posterior location was
significant, F(2, 48)=5.41, p<0.01. Further test showed that
the above difference between the two participant groups in
the homophonic condition appeared at both anterior and
posterior regions (p<0.05), while at the same time the child
participants showed also more negativity than the adult
readers for the baseline condition at anterior sites (p<0.01).
The main effect of laterality was significant, F(2, 48)=15.44,
p<0.001, with the most negative ERP responses in the midline
(-1.27 pV) than at the left (0.71 pV) or right (-0.39 uV) side.

In the analysis of peak latencies, the main effect of
participant group was significant, F(1, 24)=6.51, p<0.05, with
the peak appeared earlier for adults (381 ms) than for children
(413 ms). The main effect of experimental condition was also
significant, F(2, 48)=4.22, p<0.05, indicating that, relative to
the baseline (389 ms), the appearance of the peak was delayed
less severely by orthographic mismatch in the homophonic
condition (393 ms) than by phonological mismatch in the
orthographic condition (409 ms). Importantly, the interaction
between participant group and experimental condition was
significant, F(2, 48)=3.83, p<0.05. Further tests showed that
the peak appeared earlier for adults than for children in the
baseline (p<0.01) and the homophonic (p<0.05) conditions, but
not in the orthographic condition (p>0.1). Moreover, for adults,
the peak appeared earlier for the homophonic (379 ms) and the
baseline (362 ms) conditions (p<0.05 or 0.01) than for the
orthographic condition (403 ms). The main effect of anterior/
posterior location was significant, F(1, 24)=18.53, p<0.001, with
the peak appeared earlier at posterior regions (387 ms) than at
anterior regions (407 ms).

In addition, we used the Jackknife-based procedure (Miller
et al., 1998; Ulrich and Miller, 2001) to evaluate whether the
onsets and offsets of the N400 effects for the orthographic and
homophonic conditions differed between the adult and the
child participants. The onset and offset of the differential
effects reaching significance were defined as the points
equating to 60% of the peak amplitudes of the differential
effects (Fig. 3), taking into account the starting points of the
N400 components illustrated in Figs. 1 and 2. Thus for the child
and the adult readers respectively, the onsets of the differ-
ential effects contrasting the homophonic and the baseline

conditions were 302 ms and 330 ms, and the onsets of the
differential effects between the orthographic and the baseline
conditions were 327 ms and 363 ms. ANOVA with participant
group (adults vs. children) as a between-participant factor and
experimental condition (orthographic vs. homophonic) as a
within-participant factor found neither a significant main
effect of participant group, F(1, 24)=1.88, p>0.1, nor interaction
between participant group and experimental condition, F<1,




children than for adults, and the peaks of this componentin the
baseline and the homophonic conditions appeared earlier for
adults than for children. Moreover, although the onsets of the
N400 effects did not differ between the participant groups, the
offsets were much earlier for adults than for children. Across the
participant groups, the offsets of the N400 effects were also
earlier for orthographic mismatch in the homophonic condition
than for phonological mismatch in the orthographic condition.
These findings demonstrate differential roles of orthographic
and phonological processes in driving semantic activation in
both child and adult readers and show clearly the develop-
mental courses of orthographic and phonological processing in
reading logographic Chinese.

The differential effects in the P200 component between
experimental conditions suggest that this component is
related to the orthographic processes in lexical processing
and sentence reading. Indeed, the graded effects over the
homophonic, the orthographic and the baseline conditions for
both groups of the participants demonstrate that the P200 is
sensitive to the degree of orthographic mismatch between the
input and the underlying representation. Relative to the
baseline, the small orthographic mismatch in the orthographic
condition elicited a non-significant effect on P200, while the
more severe orthographic mismatch in the homophonic
condition elicited a larger effect on P200. This interpretation
is consistent with earlier studies linking the P200 to lexical
processing in reading alphabetic scripts (Barnea and Breznitz,
1998; Carreiras et al., 2005; Dambacher et al., 2006; Martin et al.,
2006; Meyler and Breznitz, 2005) and to orthographic proces-
sing in reading logographic Chinese (Lee et al., 2007; Liu et al.,
2003). Liu et al. (2003), for example, presented character pairs
and asked Chinese adult participants to make phonological or
semantic judgment to these pairs. They found that, compared
with dissimilar pairs, orthographically similar pairs produced
a smaller P200 component in the phonological task and a
smaller N400 component in the semantic task.

For both child and adult readers, we observed N400 effects
for both the orthographic and the homophonic conditions,
relative to the baselines. Given that the N400 effect is com-
monly thought as reflecting the difficulty in access to semantic
representation of the target words and/or in integrating lexical
semantics into the sentential or discourse representation (see
Kutas and Federmeier, 2000 for a review), the N400 effects
observed here show the difficulty of activating the semantic
representations of the base words from the incorrect ortho-
graphic input. Thus, the difficulty in mapping orthographic
(and phonological) input onto the underlying representations
of the base words led not only to the earlier P200 effect,
reflecting orthographic processing, but also to the later N400
effect, reflecting semantic processing. Here the order of effects
in different ERP components over time seems to correspond to
the level and time course of lexical processing in reading
Chinese (Zhou and Marslen-Wilson, 2000a).

More specifically, for adult readers, we observed equal
N400 effects in mean amplitudes for orthographic mismatch
in the homophonic condition and for phonological mismatch
in the orthographic condition. This may be taken as evidence
that orthographic information and phonological information
functions in equivalent ways in constraining access to lexical
semantics in reading Chinese. However, the finding that the

orthographic effect appeared earlier than the phonological
effect, both in terms of the peak of the N400 component and in
terms of the onset of the N400 effect, suggest that constraints
on lexical semantic processing are faster and more efficient
from orthographic information provided by the homophonic
characters than from phonological information provided by
the orthographically similar characters. This argument is
consistent with the earlier behavioral studies showing that
direct orthographic access dominates over phonological
mediation in access to lexical semantics (Chen and Shu,
2001; Cho and Chen, 1999; Zhou and Marslen-Wilson, 1999,
2000a, accepted).

The N400 effects for child participants demonstrated also
the importance of orthographic processing in reading for
meaning. Instead of the difference in peak latencies, here the
N400 effect in mean amplitude was substantially larger for
orthographic mismatch in the homophonic condition than for
phonological mismatch in the orthographic condition. This
difference between the two conditions suggests that activation
of lexical semantics is driven more strongly by orthographic
information than by phonological information in reading
Chinese. Direct orthographic access is led astray by incorrect
orthographic input, causing more difficulties in activating and
integrating semantics of the base words. Note that the findings
here are somewhat different from behavioral studies demon-
strating the differential use of orthographic information be-
tween school children and adults (Song et al., 1995) or between
good and poor child readers (Wang et al., 2000).

While the mean amplitudes of the N400 component did not
differ be -447.9.4(by77rs.)-.7(and)-2794(by)
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recovery process, allowing the processing system to search for
a solution in a well-defined, often explicitly taught homo-
phonic set.

To conclude, by measuring ERP responses to mismatches
between orthographic or phonological input and the under-
lying representations in the lexicon and by comparing children
with adult readers, we demonstrate that both Chinese adult
readers and school children rely more on orthographic infor-
mation than on phonological information to access lexical
semantics in reading for meaning during sentence compre-
hension, but the differential effects between orthography and
phonology may have different ERP manifestations in adults
and children. Further, longitudinal studies are needed to con-
firm and extend these findings.

4, Experimental procedures

4.1. Participants

Thirteen undergraduate students (5 female and 8 male, aging
between 19-24 years old) from Peking University took part in
the experiment. They received 50 Chinese yuan (about 8 US
dollars) for their participation. In addition, 13 fourth and fifth
grade school children, with a mean age of 10 years and
6 months, participated in the study. They were screened from
several primary schools in Beijing, originally as control
participants for our earlier study on orthographic and phono-
logical processing in Chinese dyslexic children (Meng et al.,
2007). Raven's standard progressive matrices (IQ test), reading
fluency, and vocabulary test showed that these children's 1Q
and reading ability were normal. Parents of all the child
participants gave their informed consent for the children to
participate in the experiment. The children were accompanied
by their parents to the ERP laboratory. All the participants were
right-handed and had normal or corrected-to-normal vision.
None of the participants had a history of neurological or
emotional disorders.

4.2. Stimuli

4.2.1. Stimuli and design

The experiment had three conditions: the orthographic con-
dition; the homophonic condition; and the correct, baseline
condition. In the former two conditions, the second characters
(morphemes) of two-character compound words that could fit
with the sentence context were replaced with characters that
were orthographically similar or homophonic to the original
characters, resulting in compound nonwords. All the correct or
incorrect words were embedded at the end of sentences (see
Table 1).

The orthographic similarity between the replacing char-
acters and the base characters in the orthographic condition
was mostly achieved by they having the same phonetic
radicals (e.g., B, /fu2/, clothes, 1§, /bao4/, newspaper), although
a few other characters achieved the orthographical similarity
by having similar writing patterns to the base characters
(e.g., &, /guil/, tortoise, s, /dian4/, power). These orthographic
pairs were phonologically dissimilar (with only a few excep-
tions in which they had the same lexical tones) and had no

Table 3 -The mean frequencies (per million) and the

numbers of strokes for the critical characters and the
characters in the original base words

Conditions Character Number of stroke
frequency
Original Critical Original Critical
Orthographic 478 465 8.0 8.3
Homophonic 427 491 8.9 8.1
Baseline 440 440 8.4 8.4

semantic relations between them. The base characters and the
replacing characters in the homophonic condition shared the
same onset, rime and lexical tone in their pronunciation (e.g.,
«, /chen2/, dust, &, /chen2/, morning), but they had no
orthographic or semantic relations between them. Moreover,
the replacing characters, the base characters, and the base
words were all nouns.

Sixty sentences were included in each of the three exper-
imental conditions after pretests (see below). The frequencies
of the base words from which the critical incorrect words in
the orthographic and homophonic conditions were derived
and the correct words in the baseline conditions were 43, 66,
and 115 per million respectively. The character frequencies for
the initial characters of the two-character words (nonwords)
were 1357, 1200, and 1011 per million respectively for the three
conditions. The visual complexity, in terms of the number of
strokes, was also matched for the initial characters of three
groups of compound (non-)words, with the mean scores of 7.3,
7.4, and 7.5 per character respectively. Properties of the
critical, second characters were summarized in Table 3. All
the words and characters were selected from a corpus based
on the textbooks used in primary schools in Beijing (Shu et al.,
2003).

4.2.2. Pretests of stimuli

Prior to the selection of the final set of sentences included in
the experiment, the potential stimuli underwent two pretests.
The cloze probability test was to make sure that the base
words in the three conditions were equally predictable. The
orthographic similarity judgment test was to assess the degree
of orthographic similarity between the original characters and
the critical characters in the orthographic condition.

In the cloze probability test, the potential sentences for the
three conditions were printed in random order, with the final
compound words missing. Fifty-three school children and 50
undergraduate students who did not participate in the ERP
test were asked to complete the sentences quickly as possible
with words that came into their minds. The predictability for
the base words was 72%, 76%, and 71% for children and 76%,
76%, and 77% for adults, respectively for the orthographic, the
homophonic, and the baseline conditions. For the ortho-
graphic similarity judgment, the 60 pairs of orthographically
similar critical characters and their base characters and 60
pairs of orthographically dissimilar filler characters were
printed in random orders and the 53 children and 50 under-
graduate students were asked to judge, by circling a number
on the 5-point scale, the similarity between pairs of char-
acters. The number “5” represented “very similar” while the
number “1” represented “totally dissimilar”. The mean score



for the 60 pairs of the base characters and the replacing
characters in the orthographic condition was 3.5 and 3.9
respectively for children and adults.

4.3. Procedure

The participants were tested individually in a sound-attenuat-
ing and electrically shielded booth. They were seated in a
comfortable sofa in front of a computer monitor. Before the
experiment started, the participants performed a practice block
of 15 sentences and they were told to relax as much as possible
without moving their heads. Sentences were presented at the
center of the computer screen word-by-word. Each word was
presented for 500 ms. The sentence-final critical word (non-
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