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The purpose of this study was to examine the neurocognitive network for processing visual
word forms in native Chinese speakers using functional magnetic resonance imaging (fMRI).
In order to compare the processing of phonological and semantic representations, we
developed parallel rhyming and meaning association judgment tasks that required explicit

Keywords: access and manipulation of these representations. Subjects showed activation in left
Chinese inferior/middle frontal gyri, bilateral medial frontal gyri, bilateral middle occipital/fusiform
Phonological gyri, and bilateral cerebella for both the rhyming and meaning tasks. A direct comparison of
Semantic the tasks revealed that the rhyming task showed more activation in the posterior dorsal
Rhyming region of the inferior/middle frontal gyrus (BA 9/44) and in the inferior parietal lobule (BA 40).
Meaning The meaning task showed more activation in the anterior ventral region of the inferior/

Inferior frontal gyrus middle frontal gyrus (BA 47) and in the superior/middle temporal gyrus (BA 22,21). These

Middle frontal gyrus findings are consistent with previous studies in English that suggest specialization of inferior
Inferior parietal lobule frontal regions for the access and manipulation of phonological vs. semantic
Middle temporal gyrus representations, but also suggest that this specialization extends to the middle frontal
gyrus for Chinese. These findings are also consistent with the suggestion that the left middle
temporal gyrus is involved in representing semantic information and the left inferior parietal
lobule is involved in mapping between orthographic and phonological representations.

© 2005 Elsevier B.V. All rights reserved.

1. Introduction into sub-units that form complex visual-spatial patterns such

as top-down, left to right, and outside to inside orientation (Li,

The nature of orthographic (spelling), phonological (sound),
and semantic representations (meaning) has generated con-
siderable interest in cross-linguistic research. In terms of
orthography, about 95% of Chinese characters can be divided

1993). Studies have demonstrated that visual-spatial proper-
ties such as shape, balance, closures, orientation, symmetry,
or parallelism are used quickly enough to provide a perceptual
basis for the orthographic processing of Chinese characters
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(Chen and Kao, 2002; Fu, 1993). In terms of semantics, many
Chinese characters encode meaning by including a semantic
radical. Semantic radicals can provide useful cues such as
category information of the character (e.g. all characters
indicating a metal element such as i (/tong2/, copper), 4R (/
yin2/, silver), £k (/tie3/, iron) have the semantic radical 4 (/
jin1/, metal), and these radicals are important for character
acquisition and recognition (Leck et al., 1995). In terms of
phonology, Chinese orthography encodes no phonological
information at the sub-syllabic level and every character is a
monosyllable. Although most characters contain a phonetic
radical, only about 25% of these radicals give fully consistent
information about the pronunciation of the character. Al-
though there is some controversy (Liu et al., 2002; Pollatsek et
al., 2000; Spinks et al., 2000), researchers have speculated that
phonological processing plays a less important role than
semantics in visual identification of Chinese words or that
phonology is activated only after semantics (Chen and Shu,
2001; Feng et al., 2001; Leck et al., 1995; Zhou, 1997).

English is different from Chinese in the nature of the
representations and the mappings that are made between
orthography, phonology, and semantics. In contrast to Chinese,
English orthography has a serial left to right structure of letter
strings. Some studies have shown that visual features such as
envelope and initial or final positions of letters influence English
word recognition (Rayner and Springer, 1986; Taft and Taft, 2002).
In terms of semantics, English has a more arbitrary relationship
between orthography and semantics than Chinese because, at a
mono-morphemic level, English does not have robust cues to
meaning. In other words, the relationship between orthography
and semantics is arbitrary. For example, the words cat, cap, mat,
and map are similar in orthography but this does not give a clue to
their meaning. In terms of phonology, English has a more regular
mapping between orthography and phonology than Chinese
because about 75% of the words in English are fully consistent in
this mapping (Ziegler et al., 1997). Compared to English, then,
Chinese has a different orthographic system that has more clues
to semantics but a less systematic relationship to phonology.

Lexical processing in English involves a distributed network
predominantly in the left hemisphere. We have argued that
orthographic representations include the fusiform gyrus, phono-
logical representations include the superior temporal gyrus,
semantic representations include the middle temporal gyrus,
and mapping between these representational systems relies on
posterior heteromodal areas in the inferior parietal cortex (Booth
et al.,, 2001, 2002a,b, 2003a,b). Among other things, the inferior
frontal gyrus appears to be involved in modulation of these
posterior representational systems (Blumenfeld et al., in press).
Researchers have proposed that the anterior ventral portion of the
inferior frontal gyrus may be involved in semantic modulation,
whereas the posterior dorsal portion of the inferior frontal gyrus
may be involved in phonological modulation (Devlin et al., 2003;
Poldrack et al., 1999).

Neuroimaging studies of Chinese language processing
have used a variety of tasks including covert generation of
semantically related words (Tan et al., 2000), semantic
judgment (Chee et al., 2000), tone judgment (Klein et al.,
2001), covert reading (Kuo et al., 2001), reading aloud (Tan et
al., 2001a), real word likeness judgment (Chen et al., 2002),
silent reading (Fu et al.,, 2002), semantic and syntactic

plausibility judgment (Luke et al., 2002), covert naming (Kuo
etal., 2003), thyming (Tan et al., 2003), semantic priming (Chee
et al., 2003), orthographic search and semantic classification
(Ding et al., 2003), homophone and initial consonant judgment
(Siok et al., 2003), homophone and visual-spatial judgment
(Kuo et al., 2004), lexical decision to noun and verbs (Li et al.,
2004), and masked word reading (Peng et al., 2004). Despite
structural differences between the Chinese and English
languages, several neuroimaging studies on Chinese-English
bilinguals have demonstrated little language differences using
different tasks such as verb generation (Pu et al., 2001),
semantic decision (Xue et al., 2004), and cued word generation
(Chee et al., 1999). This overall similarity suggests that the
language operation may involve common brain mechanisms
across languages that translate visual percepts into a set of
sounds that convey meaning. Several studies have reported
differences between Chinese and English, but some of these
differences may be attributed to factors related to bilingual
status of the subjects such as age of acquisition, exposure, and
usage (Ding et al., 2003; Klein et al., 1999; Tan et al., 2001b).

A recent meta-analysis of 19 studies examining phonolog-
ical processing of written word forms in Chinese and English
showed that both languages exhibited activation in bilateral
occipito-temporal regions including left fusiform gyrus (Tan et
al., 2005a). Both languages also showed activation in left
inferior parietal lobule but it was greater for Chinese. Only
Chinese showed activation in left middle frontal gyrus and it
was significantly greater than English. It was suggested that
the middle frontal gyrus is involved in visual spatial analysis of
characters and accessing whole word phonology, whereas the
left inferior parietal lobule is involved in phonological short-
term memory. Both languages also showed activation in left
inferior frontal gyrus, but it was greater in English. Only English
showed activation in left temporo-parietal region (including
superior/middle temporal gyrus, supramarginal gyrus and
inferior parietal lobule) and it was significantly greater than
in Chinese. It was suggested that these areas are involved in
the mapping between letters (graphemes) and sounds (pho-
nemes) in English. This meta-analysis clearly shows that, at
least for phonological processing, there are similarities as well
as differences between Chinese and English.

Direct comparisons between tasks that tap into phonolog-
ical and semantic processing are needed to determine whether
brain regions are specialized for processing these representa-
tions. Although some studies have examined both phonolog-
ical and semantic processing in Chinese (Tan et al., 2001b), to
our knowledge only two studies have directly compared
activation between tasks that differentially tap into these
two representational systems. Peng et al. (2003) asked 7
participants to decide whether a presented character
contained the vowel /a/ or to decide whether the meaning of
a presented character was positive or not (Peng et al., 2003).
They found that the semantic task showed greater activation
than the phonological task in several brain regions including
the left inferior frontal gyrus (BA 47), but that the phonological
task did not show greater activation than the semantic task in
any region. Dong et al. (2005) asked 12 participants to decide
whether two successive words sounded the same (i.e. were
homophones) or whether two successive words were associ-
ated in meaning (Dong et al., 2005). This study only reported a
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direct comparison of the semantic task to the phonological
task that showed greater activation in the left (BA 47) and right
(BA 45) inferior frontal gyrus. Both studies, therefore, support
the role of the anterior ventral portion of the inferior frontal
gyrus in semantic processing, but do not support the involve-
ment of the posterior dorsal region of the inferior frontal gyrus
in phonological processing. Moreover, both studies did not
show any differences between the tasks in posterior regions of
the language network including the middle temporal gyrus or
the inferior parietal cortex. Perhaps the small number of
subjects in the first study prevented them from finding reliable
task differences due to lack of power or the phonological tasks
in both studies were so simple that they were not sensitive to
task differences in semantic vs. phonological processing.

In the current experiment, we examined the neural
correlates of lexical processing in native Chinese speakers
in two parallel word reading tasks—one that involved a
rhyming judgment that tapped into phonological represen-
tations and the other that involved a meaning association
judgment that tapped into semantic representations. In
order to maximize the demand on phonological and
semantic representations, we used word judgment tasks
that involved the serial presentation of three words in each
trial. Although semantic association judgment tasks have
been used in Chinese word reading before, we chose to use a
novel rhyming paradigm to increase the demands on
phonological processing. If word processing in Chinese is
similar to that previously reported for English (Booth et al.,
2002a,b; Poldrack et al., 1999), we expected that the rhyming
task requiring mapping from orthography to phonology
would generate greater activation than the meaning task in
the inferior parietal cortex and in the posterior dorsal region
of the inferior frontal gyrus. We also expected that the
meaning task requiring mapping between orthography and
semantics would generate greater activation than the
rhyming task in the middle temporal gyrus and in the
anterior ventral region of the inferior frontal gyrus. Although
this study does not directly compare Chinese to English
speakers, it would be the first to show that specialization of
phonological and semantic processing in Chinese is similar
to previous reports of this specialization in English speakers.

2. Results
2.1. Behavioral performance

Table 1 presents error rates and reaction times on the lexical
processing tasks in the scanner. We calculated task (rhyming,

Table 1 - Means and (standard deviations) for error rates

(%) and reaction time (RT) on the rhyming and meaning
lexical tasks and their respective controls

Lexical Control
% RT % RT
Rhyming 5.3 (5.0) 1140 (123) 3.8 (3.6) 839 (157)
Meaning 6.7 (4.1) 1171 (143) 2.9 (5.0) 824 (148)

meaning) by condition (word, control) ANOVAs separately for
error rates and reaction time. There were no significant task
main effects or interactions between task and condition for
either error rates or reaction time. There were significant
main effects for condition showing that the word stimuli had
higher error rates, F(1,51) = 4.63, P < 0.05, and slower reaction
time, F(1,51) = 65.87, P < 0.001, than the control stimuli. t tests
additionally showed that there were no significant differ-
ences between the rhyming and meaning task for the word
pairs for either error rates, t(1, 25) = 0.76, P = 0.45, or reaction
time, t(1, 25) = 0.58, P = 0.56. We also calculated t tests of O-P+
vs. O+P+ pairs for the rhyming task and of low vs. high
association pairs for the meaning task. This showed that O-P+
pairs had higher error rates (M = 12.8%) and slower reaction
times (M = 1146 ms) than O+P+ pairs (M = 3.1%, t(1, 25) = 2.32,
P < 0.05; M = 1002 ms, t(1, 25) = 2.59, P < 0.05) and that low
association pairs had higher error rates (M = 14.8%) than high
association pairs (M = 3.6%, t(1, 25) = 2.74, P < 0.05). Reaction
times were not significantly different for the low (M = 1159 ms)
and high association pairs (M = 1054 ms, t(1, 25) = 1.71, P = 0.09).

2.2. Brain activation patterns

Sites with significant main effects of task (rhyming-control
and meaning-control) are listed in Table 2 with significant
differences between tasks listed in Table 3. Fig. 1 shows the
main effects of task on brain activation. Subjects activated a
neural network that was mostly lateralized to the left. In both
meaning and rhyming tasks, areas of left inferior/middle
frontal gyri, bilateral medial frontal gyri, bilateral middle
occipital/fusiform gyri, and bilateral cerebella were activated.
For the rhyming task, subjects additionally activated bilateral
thalamus. For the meaning task, they additionally activated
left superior/middle temporal gyrus, left cuneus, and right
parahippocampus.

As illustrated in Fig. 2, direct comparisons between tasks
revealed significantly greater activation for the rhyming
than for meaning task in the posterior dorsal portion of left
inferior/middle frontal gyrus (BA 9/44) and left inferior
parietal lobule (BA 40). There was also greater activation in
left superior parietal lobule and left postcentral gyrus.
Because the superior/inferior parietal lobule showed activa-
tion by the rhyming task in the between-task comparison
but not when compared to the control condition, we
compared the control to word condition for the meaning
and rhyming tasks to determine if the task difference in this
region was due to less activation for the word condition
compared to the control condition in the meaning task. This
analysis showed large clusters of activation for the control
condition in the meaning task in bilateral superior (z = 4.40,
k=164,x=6,y=-69,z=54,z=501,k=77,x=-9,y=-66,
z = 54) and inferior parietal lobules (z = 5.04, k = 479, x = 42,
y =-33,z=42;z =475 k =411, x = =33,y = -48, z = 57).
However, this analysis showed smaller clusters of activation
for control condition for the rhyming task in right superior
(z=3.71, k =53, x = 30, y = =54, z = 63) and bilateral inferior
parietal lobules (z = 4.39, k = 141, x = 60, y = =33, z = 21;
z = 358, k = 167, x = =51, y = -60, z = 39). Thus, superior/
inferior parietal activation in the rhyming task in this region
appears to be better characterized as greater activation for
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Table 2 - Brain activations for the rhyming and meaning tasks

Task Region H BA z test  Voxels X y z

Rhyming-control Inferior frontal gyrus/Middle frontal gyrus Iy 9/44/45 4.39 230 -51 24 21
Inferior frontal gyrus L 47 4.3 56 -36 27 -9
Medial frontal gyrus L+R 8 4.06 44 0 21 48
Middle occipital gyrus/Fusiform gyrus/Cerebellum L 19/37/* 4.43 140 -42 -60 -21
Middle occipital gyrus/Fusiform Gyrus/Cerebellum R 19/37/* 4.97 316 27 -90 6
Thalamus L+R * 4.05 73 0 -33 0

Meaning-control Inferior frontal gyrus/Middle frontal gyrus Ik, 9/44/45/47 5.64 516 -45 27 21
Medial frontal gyrus L+R 9 4.30 97 0 33 39
Middle occipital gyrus/Fusiform gyrus/Cerebellum L 19/37/* 5.14 298 -36 -54 -21
Middle occipital gyrus/Fusiform gyrus R 19/37 5.81 87 27 -90 6
Cuneus L 18/19 4.65 271 -12 -75 12
Superior temporal gyrus/Middle temporal gyrus L 22/21 4.65 47 -48 -39 3
Parahippocampus R 35 3.98 51 33 -24 -24
Cerebellum R * 4.70 91 6 -66 -33

Note. H: left (L), right (R) hemispheres. BA: Brodmann’s areas of activation. Voxels: number of voxels in cluster. For clusters with multiple
anatomical locations, peak of activation is presented in bold. * Indicates no Brodmann area for that brain structure.

the control compared to the word condition in the meaning
task.

As illustrated in Fig. 3, significantly greater activation for
the meaning than for the rhyming task was revealed in the
anterior ventral portion of the left inferior frontal gyrus (BA 45/
47) and left superior/middle temporal gyrus (BA 22/21). We also
correlated signal intensity with accuracy separately for the
rhyming and meaning task. Although there were no significant
correlations involving the meaning task, greater accuracy was
associated with less activation in the right fusiform gyrus (BA
37) in the rhyming task (see Fig. 4). There were no significant
correlations of activation with age of starting to learn English
or number of years exposed to English, but this lack of
correlation could be due to the limited range of these measures
or due to the measures not accurately reflecting English
language ability. Unfortunately, we did not have standardized
measures of reading skill in either Chinese or English.

3. Discussion

Both the meaning and rhyming judgment tasks produced
activation in the left inferior/middle frontal gyri, bilateral
medial frontal gyri, bilateral middle occipital/fusiform gyri,
and bilateral cerebella (see Fig. 1). Because each lexical task
was compared to a simple nonlinguistic baseline, a direct
comparison between lexical tasks was necessary to examine
brain regions specialized for semantic and phonological
processing. This analysis revealed that the meaning task

produced more activation than the rhyming task in the left
superior/middle temporal gyrus and in the anterior ventral
region of the inferior frontal gyrus (see Fig. 3). These results
are consistent with previous studies in English that suggest
that the middle temporal gyrus includes verbal semantic
representations (Blumenfeld et al.,, in press; Booth et al.,
2002b) and that the anterior ventral region of the inferior
frontal gyrus is specialized for access and manipulation of
these representations (Poldrack et al., 1999). A direct
comparison between the tasks also revealed that the
rhyming task produced more activation than the meaning
task in the left inferior parietal lobule and in the posterior
dorsal region of the inferior frontal gyrus (see Fig. 2). These
results are consistent with previous studies in English that
suggest that the posterior dorsal region of the inferior frontal
gyrus is specialized for processing phonological representa-
tions (Poldrack et al., 1999) and with studies that suggest
that the inferior parietal region may be involved in the
mapping between orthography and phonology (Booth et al,,
2002a, 2003a). Indeed, one of the clusters in the inferior
parietal cortex found to be greater in the phonological than
the semantic task in our study on Chinese is less than 1 cm
from a cluster reported when directly comparing phonolog-
ical vs. semantic processing in English (Devlin et al., 2003).
Our results, therefore, show specialization for phonological
and semantic processing, despite the fact that there may
have been some cross-task interference because the rhym-
ing and meaning tasks were administered in the same
session.

Table 3 - Greater activation for the rhyming compared to the meaning task and for the meaning task compared to the
rhyming task

Group Regions H BA Z test Voxels X y z

Rhyming-meaning Inferior parietal lobule/Superior parietal lobule L 7/40 4.03 48 -18 -66 54
Postcentral gyrus/Inferior parietal lobule L 2/40 4.02 75 -54 -27 51
Inferior frontal gyrus/Middle frontal gyrus L 9/44 3.85 52 -24 -3 48

Meaning-rhyming Superior temporal gyrus/Middle temporal gyrus L 22/21 3.94 47 -39 -57 18
Inferior frontal gyrus/Middle frontal gyrus L 45/47 4.48 42 -36 42 -21

Note. See Table 2 note.
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Fig. 1 - Brain activations for rhyming minus control (green) vs. meaning minus control (red). The overlap between the tasks is
represented in blue. Rhyming minus control activated left inferior/middle frontal gyri (I/MFG), bilateral medial frontal gyri
(MeFG), bilateral middle occipital gyri/fusiform gyri/cerebella (MOG/FG/CB), and bilateral thalamus (THA). Meaning minus
control activated left inferior/middle frontal gyri (I/MFG), bilateral medial frontal gyri (MeFG), left middle occipital gyrus/fusiform
gyrus/cerebellum (MOG/FG/CB), right middle occipital gyrus/fusiform gyrus (MOG/FG), left cuneus (CU), left superior/middle
temporal gyri (S/MTG), right parahippocampus (PAR), and right cerebellum (CB).

Several previous studies using a variety of tasks report
activation for Chinese in the middle frontal gyrus (Chee et al.,
1999; Luke et al., 2002; Siok et al., 2003; Tan et al., 2000, 2001b,

Fig. 2 - Significantly greater activation for rhyming than for
meaning task included left inferior/superior parietal lobule
(I/SPL), left postcentral gyrus/inferior parietal lobule (PG/IPL),
and left inferior/middle frontal gyrus (I/MFG).

2003). Some have argued that the middle frontal gyrus
activation in Chinese is associated with the visual processing
demanded by the complex shape of the characters and the
access of syllable level phonology (Tan et al., 2000, 2001b).
Consistent with these previous studies, we found activation in
the middle frontal gyrus for both the rhyming and the
meaning task compared to baseline (see Fig. 1). Perhaps, the
most important contribution of the current research is the
finding that the posterior dorsal portion of the middle frontal
gyrus was more active in the rhyming compared to the
meaning task and that the anterior ventral portion of the
middle frontal gyrus was more active in the meaning
compared to the rhyming task (see Figs. 2 and 3). This extends
the hypothesis that the middle frontal gyrus is crucial for
Chinese reading and shows that there is regional specializa-
tion of this area associated with semantic and phonological
processing.

Although we suggest that the inferior parietal lobule is
involved in mapping between orthography and phonology,
other roles for this region have been proposed. Some have
considered the left inferior parietal region as part of the
phonological loop (Paulesu et al., 1993) and this area has also
been implicated in sequencing of phonemes in cooperation
with Broca’s area which seems to be generally involved in
sequencing operations (Gelfand and Bookheimer, 2003). Stud-
ies that have directly compared verbal and visual-spatial tasks
also show that verbal working memory tasks predominantly
activate the left inferior parietal regions whereas visual-
spatial tasks predominantly activate the right parietal regions
(Smith et al., 1996; Zurowski et al., 2002). Although error rates
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Fig. 3 - Significantly greater activation for meaning than for
the rhyming task included left superior/middle temporal
gyrus (S/MTG), and left inferior/middle frontal gyrus (I/MFG).

on our task were low, our experimental design involved a
judgment of whether a final word matched with one of two
previous words, so the demands on short-term memory may
have been enhanced. However, both the rhyming and
meaning task required the maintenance of three words in
memory, so the short-term memory interpretation of activa-
tion in the left inferior parietal cortex for phonological
processing must assume that the rhyming task requires
greater memory resources. It is more plausible that some of
the activation, e.g. inferior frontal gyrus, produced when each
lexical task was compared to the visual control condition is
attributable to short-term memory processes.

Several previous neuroimaging studies on Chinese have
reported activation in the superior parietal lobule (Siok et al.,
2003; Tan et al., 2000, 2001a,b). We did not observe activation
in this region when comparing each task to its baseline. We
did, however, find activation in the superior parietal lobule
when comparing activation in the rhyming task to the
semantic task. Studies using visual spatial tasks have

Fig. 4 - Brain activations significantly correlated with
performance. Activation in right fusiform gyrus (FG)
decreases with increasing accuracy in the rhyming task.

consistently shown the involvement of the superior parietal
region in visual search and spatial attention (Booth et al,,
2003c; Gitelman et al., 1999). It may be that the rhyming task
encouraged more visual spatial attention than the meaning
task. In the rhyming task, 30% of word pairs were
orthographically similar because they shared the same
phonetic radical, so subjects may have relied on visually
segmenting this radical and on using this information in
their matching judgment (see Fig. 5). Evidence for this
segmentation was that the orthographically dissimilar
rhyming pairs (O-P+) had higher error rates and slower
reaction times than the orthographically similar rhyming
pairs (O+P+). In the meaning task, the separation of the
phonetic radical would not aid in performance. All words
also had semantic radicals that can provide cues to
meaning, but a small proportion of associated pairs (only
5) had overlapping semantic radicals between the final word
and its preceding word, and these radicals only provide
general information. Consequently, visually segmenting the
semantic radical from the character and making an associ-
ation judgment based on the radical would not aid
performance (see Fig. 6). In fact, the control condition
involving a matching judgment to lines appeared to have
greater demands on visual-spatial processing than the
meaning judgment, as the control condition produced large
clusters activation in the superior/inferior parietal region
when compared to the word condition for this task.

We also showed that a decrease in the right fusiform
gyrus activation was correlated with increasing accuracy on
the rhyming task. Some have suggested that reading
acquisition is initially a right hemisphere process relying
more on global visual forms, with greater engagement of the
left hemisphere with increasing skill as analytic mappings
are made between letters/symbols and phonemes/syllables
(Orton, 1937). Decreases in right fusiform gyrus and right

o+ K Bk BiR
centrum blackboard breakfast
zhong! shu/ heil ban3 7ao3 fand
A
W ~
op+  HIRN N
nature excited admit
zi4 ran2 xing/ fend cheng?2 rend
> VA 12,
or EZE T EiE
continuum crime grasp
lian2 xu4 zui4 xing2 zhang3 wod

Fig. 5 — Examples of Chinese stimuli used for the rhyming
tasks with their English interpretation and their pronuncia-
tion in pinyin. Numbers for the pinyin translations indicate
tone. There are four different tones including the high level
tone (first tone), the rising tone (second tone), the falling
rising tone (third tone) and the falling tone (fourth tone).
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o
mgn  E&ER AR BR
money weekend bill
jin/ gian2 zhou/ mo4 chao/ piao4
Low ngl ﬁﬁ‘ ﬁj ‘l:l‘
lonely curious grief
gu/ du2 hao4 qi2 shang/ xin/
Unrel }‘”J?E 5] 7J( ARk M
sofa rainwater obey
sha/ fa/ yu3 shui3 fu2 cong2

Fig. 6 — Examples of Chinese stimuli used for the meaning
tasks with their English interpretation and their
pronunciation in pinyin. See Fig. 5 caption.

superior temporal sulcus activation with increasing skill in
children have been shown for an implicit reading task that
involved determining whether there was an ascending letter
in visually presented words (Turkeltaub et al., 2003). Learning
studies in adults also show decreasing involvement of the
right hemisphere on reading and language tasks as a
function of skill. In a study of French adults who were
learning to associate English auditory words with pictures,
the investigators showed activation decreases with learning
in right inferior frontal regions in participants who main-
tained their learning to a higher degree 2 months after the
fMRI testing (Raboyeau et al.,, 2004). Similarly, learning to
read mirror-reversed text is associated with decreases in
occipital, temporal, and parietal regions in the right hemi-
sphere and accompanied by increases of activation in left
fusiform gyrus (Poldrack et al., 1998).

Many studies have examined the neural correlates of
rhyming judgments in English using single letter rhyming
(Paulesu et al., 1996; Pugh et al., 1996), nonword rhyming (Xu et
al.,, 2001), and real word rhyming (Crosson et al., 1999);
(Kareken et al., 2000); (Lurito et al., 2000) compared to various
baselines including similarity judgment to Korean letters
(Paulesu et al., 1996), case judgment (Pugh et al., 1996), line
judgment (Kareken et al., 2000); (Lurito et al., 2000), letter
judgment to consonant strings (Crosson et al., 1999), and color
matching to letter strings (Xu et al., 2001). Although there are
some contradictory findings, one of the most consistent
activation sites appears to be left superior temporal gyrus.
Effective connectivity studies in English also suggest that the
lateral temporal cortex may be a convergence zone where
phonological information is integrated to perform rhyming
judgments (Bitan et al., 2005). The present study found that
Chinese did not activate the superior temporal gyrus during
rhyming judgments. Because Chinese characters map onto
syllables and because the large percentage of homophones in
Chinese provides unreliable cues to semantics, learning to read
in Chinese may not be strongly associated with spoken
language processing (Tan et al., 2005a). Although studies

show that phonological awareness is related to reading skill
in Chinese (Ho and Bryant, 1997; McBride-Chang and Kail, 2002;
Siok and Fletcher, 2001), studies have shown that children’s
hand writing skills are more strongly associated with learning
to read Chinese (Tan et al., 2005b).

Our results are consistent with previous studies that
suggest some similarities in the neural correlates of Chinese
and English language processing using a variety of different
tasks (Chee et al., 1999; Klein et al., 1999; Pu et al., 2001; Xue et
al., 2004). All of the subjects in our study had some experience
with English (11 years on average). Perhaps the bilingual status
of our subjects influenced the organization of the language
network in their native language. Tan et al. (2003) reported that
bilingual Chinese subjects process English using a similar
network employed for processing Chinese, but which is
different from the network that native English speakers use
to process English (Tan et al., 2003). This suggests that one’s
native language shapes the acquisition of a second language. It
is also plausible that the acquisition of a second language will
shape the neural organization of ones native language.
Although this idea has not been tested directly by comparing
brain activation for the native language of monolinguals and
bilinguals, behavioral evidence suggests that one’s native
language processing is affected by the acquisition of the
second language. This influence has been shown most
comprehensively for phonological awareness (Chen et al,
2004; Loizou et al.,, 2003; Oller et al., 1998). When comparing
literate and illiterate adults, imaging evidence also shows that
oral language processing is affected by the acquisition of
written language (Castro-Caldas et al,, 1998, 1999). These
results suggest that perhaps some of the similarities in brain
activation between languages may be due to the interactivity
of the first and second language.

In conclusion, this study demonstrated specialization in
the language network in Chinese for mapping of orthography
to phonology as indexed by a rhyming judgment task and for
mapping of orthography to semantics as indexed by an
association judgment task. These results are consistent with
English studies that suggest that the inferior parietal lobule
and posterior dorsal region of the left inferior frontal gyrus are
involved in phonological processing and the left middle
temporal gyrus and anterior ventral region of the left inferior
frontal gyrus are involved in semantic processing. It extends
this finding to show that a similar specialization for phono-
logical and semantic processing exists in the middle frontal
gyrus for Chinese. However, further research needs to be
conducted comparing Chinese monolinguals to bilinguals in
order to determine whether the acquisition of English as a
second language influences the specialization for phonological
and semantic processing.

4. Experimental procedures
4.1. Participants

The participants were 13 right-handed native speakers of Chinese
(M age = 22.3; 7 males) in Beijing. However, all the participants
began learning English as a second language at about 12 years old
(range: 11-13) and had about 11 years of English experience (range:
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9-13). The following exclusionary criteria were used for all
participants: learning disability, Attention Deficit Hyperactivity
Disorder (ADHD), uncorrected visual impairment or significant
hearing impairment, neurological disease or psychiatric disorders,
medication affecting central nervous system processing, or
significant head injury.

4.2. Rhyming and meaning tasks

The rhyming and meaning tasks required the participant to
determine the relation of the final word with two previous words
according to a predefined criterion. All words were presented
visually. If there was a match, they pressed a button with their
index finger of their right hand, if there was no match, they pressed
a different button with their middle finger of their right hand.
Applying different criteria for a match in these tasks (either
rhyming or meaning) allowed us to measure the effects of
conscious access to phonologic and semantic representations.
Participants were encouraged to respond as quickly as possible
without making errors.

4.2.1.  Rhyming task

In the rhyming judgment task, participants determined whether
the final word rhymed with either of the two preceding words.
Stimuli were two character words with the final character (foot)
consisting of two radicals. Most of the final characters had a left-
right radical structure with less than 5 having an up-down radical
structure. O+P+ pairs (30% of trials) had similar orthography and
phonology in that they shared the same phonetic radical and
same vowel phoneme. O-P+ pairs (30% of trials) had different
orthography and similar phonology in that they had different
phonetic radicals, but shared the same vowel phoneme. O-P-
pairs (40% of trials) had different orthography and phonology in
that they had different radicals and did not share the same vowel
phoneme (they did not rhyme). All pairs had a different initial
consonant phoneme. Refer to Fig. 5 for examples of rhyming
stimuli. One of the three conditions included O-P+ pairs to make it
so that the subjects could not just base their judgment only on the
spelling of the word. Including words that rhymed but were
spelled differently encouraged subjects to access phonology.

4.2.2.  Meaning task

In the meaning judgment task, participants determined whether
the final word was associated with either of the two preceding
words. Thirty percent of the trials contained pairs with a high
association, 30% contained pairs with a low association, and 40%
contained pairs of words that were unrelated. A 7-point scale was
used to assess the association between prime and target. Forty
subjects in Beijing were asked to judge to what extent pairs of
words were related. An average score across subjects below 4.2
was considered low association (M = 3.7), whereas an average
score over 5.0 was considered high association (M = 5.5). Refer to
Fig. 6 for examples of meaning stimuli. We included a manipula-
tion of difficulty in the meaning task so that it would be
comparable to the rhyming that included O-P+ pairs that were

likely to be more difficult (Kramer and Donchin, 1987, 5040) and we
wanted to equate difficulty across tasks.

4.2.3.  Control conditions

The control conditions were designed to equate the experimental
and control blocks in terms of response characteristics. The
experimental set-up and timing (see below) for the control blocks
were exactly the same as for the word blocks. For control blocks,
the three stimuli were nonlinguistic symbols consisting of straight
lines (e.g. / /, \'\, / \). Participants determined whether the third
stimulus was the same as one of the first two stimuli.

4.2.4. Timing

Each word reading task lasted 9 min, consisting of 10 blocks of 54 s
(including a 4-second introduction screen to each block). The 5
experimental blocks alternated with the 5 control blocks. Because
the design of the study was blocked with random presentation of
trial types, we could not contrast words of different orthographic
similarity (O+P+, O-P+, O-P-) in the rhyming task or words of
different association (high, low) in the meaning task. In each trial,
three consecutive words were presented with each word pre-
sented for 800 ms followed by a 200 ms blank interval. A yellow
fixation cross (+) appeared on the screen after the third stimulus
was removed, indicating the need to make a response during the
subsequent 2000 ms interval. Participants were told that they
could respond before the yellow cross (+) appeared on the screen.
Each trial lasted a total of 5000 ms and there were 10 trials in each
block. During the scanning procedure, brief written instructions
were given before each block for 4 s: ‘Rhyme’ for phonological,
‘Meaning’ for semantic, and ‘Lines’ for visual control. Each
participant was scanned during each task and each task was in
a separate run in the same session.

4.2.5.  Stimulus characteristics

Several stimulus variables were controlled across tasks so that
our effects of interest were not confounded by nuisance
variables. First, all of the words contained two syllables. Second,
the tasks consisted of words with similar written and spoken
word frequency. Chinese written frequency was determined by a
corpus (1.3 million words and 1.8 million characters) that covers
almost all fields of human activity, such as politics, economy,
philosophy, literature, biology, and medicine (Wang et al., 1985).
Chinese spoken word frequency was determined by a corpus of
1.7 million characters that came from 374 persons living in
Beijing with different age, gender, education level, and occupa-
tion (Lu, 1993). Third, the number of strokes was the same across
tasks. Stroke is the smallest component of Chinese characters
and is a measure of visual spatial complexity, ie. it is the
number of steps required to write a character. Refer to Table 4 for
information on word frequency and strokes for the Chinese
stimuli for the fMRI session. We confirmed that there were no
significant main effects or interactions on these nuisance
variables by calculating the ANOVAs including the following
independent variables: 2 session (practice, test) by 2 task
(thyming, meaning), 3 condition (O+P+, O-P+, O-P- for the

Table 4 - Means (standard deviations) for written and spoken word frequency and stroke count for the rhyming and

meaning tasks during the fMRI session

Written Spoken Strokes
Rhyming Meaning Rhyming Meaning Rhyming Meaning
Target 38.5 (63.4) 32.6 (63.7) 10.9 (18.8) 17.6 (26.3) 17.3 (4.6) 16.9 (4.8)
Prime 37.1 (51.8) 31.6 (27.3) 12.2 (24.6) 21.1 (26.5) 17.2 (4.2) 16.0 (3.9)
Filler 38.7 (47.0) 33.9 (28.9) 16.9 (45.4) 22.4 (32.8) 17.2 (3.4) 15.3 (4.5)
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rhyming task and high association, low association, unrelated
for the meaning task).

4.3. MRI procedure and data analysis

The participant practiced a full-length version of each experi-
mental task before the fMRI scanning session. Different stimuli
were used in the practice and fMRI sessions.

43.1.  MRI acquisition

All images were acquired using a 2 T GE/Elscint Prestige. For the
functional imaging studies, a susceptibility weighted single-shot
EPI (echo planar imaging) method with BOLD (blood oxygenation
level-dependent) was used with the following scan parameters:
TE = 45 ms, flip angle = 90°, matrix size = 128 x 72, field of
view = 37 x 21 cm, slice thickness = 5 mm, number of slices = 28;
TR = 3000 ms. At the end of the functional imaging session, a high
resolution, T1 weighted 3D image was acquired. The following
scan parameters were used: TR = 25 ms, TE = 6 ms, flip angle = 28°,
matrix size = 256 x 256, field of view = 22 cm, slice thickness = 2
mm, number of slices = 62.

4.3.2.  Data preprocessing

Data analysis was performed using SPM99 (http://www.fil.ion.ucl.
ac.uk/spm). The functional images were realigned to the last
functional volume in the scanning session. This step used affine
transformations to estimate a set of 6 rigid-body transformation
parameters for each image by using an iterative procedure to
minimize the mean squared difference between each individual
image to the reference image. All statistical analyses were
conducted on these movement-corrected images (no participant
had more than 2 mm of movement in any plane). Images were
then segmented and the gray-white matter information was used
to co-register the structural and functional images. The images for
each individual were normalized to the Montreal Neurological
Institute (MNI) average template (12 linear affine parameters for
brain size and position, 8 nonlinear iterations, and 2 x 2 x 2
nonlinear basis functions for subtle morphological differences).

4.4. Statistical analyses

Statistical analyses were calculated on the smoothed data (7 mm
isotropic Gaussian kernel) using a delayed boxcar design witha 6s
delay from onset of the block in order to account for the lag in
hemo-dynamic response. Statistics were also calculated with a
high pass filter equal to 2 cycles of the experimental and control
conditions (216 s) in order to remove signal drift, cardiac and
respiratory effects, and other low frequency artifacts. We used
global normalization to scale the mean of each scan to a common
value in order to correct for whole brain differences over time.
Parameter estimate images were calculated for the 13 subjects
across the entire brain. Using random effect statistics, we
calculated contrasts comparing the experimental to control
conditions separately for the 2 word judgment tasks (rhyming
and meaning) and also directly between the two tasks using the
control as a baseline for each contrast. Using the random effects
approach, we also examined the correlation of behavioral
performance with signal intensity at the voxel level by entering
accuracy as a covariate of interest. This was done for positive and
negative correlations and separately for the rhyming and meaning
task. All reported areas of activation were significant using P <0.05
corrected at the cluster level for multiple comparisons.
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