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Abstract

Neural changes related to learning of the meaning of Chinese characters in English speakers were examined using functional magnetic resonance
imaging (fMRI). We examined item specific learning effects for trained characters, but also the generalization of semantic knowledge to novel
transfer characters that shared a semantic radical (part of a character that gives a clue to word meaning, e.g. water for lake) with trained characters.
Behavioral results show that acquired semantic knowledge improves performance for both trained and transfer characters. Neuroimaging results
show that the left fusiform gyrus plays a central role in the visual processing of orthographic information in characters. The left superior parietal
cortex seems to play a crucial role in learning the visual—spatial aspects of the characters because it shows learning related decreases for trained
characters, is correlated with behavioral improvement from early to late in learning for the trained characters, and is correlated with better long-
term retention for the transfer characters. The inferior frontal gyrus seems to be associated with the efficiency of retrieving and manipulating
semantic representations because there are learning related decreases for trained characters and this decrease is correlated with greater behavioral

improvement from early to late in learning.
© 2007 Published by Elsevier Ltd.
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1. Introduction

Lexical learning/training studies provide a dynamic method
for evaluating the neural network involved in language process-
ing. These studies have suggested that left fusiform is involved in
new orthographic word form or object form learning (Gauthier,
Tarr, Anderson, Skudlarski, & Gore, 1999; Sandak et al., 2004;
Xue, Chen, Jin, & Dong, 2006), the superior temporal gyrus
is involved in learning phonological representations (Callan et
al., 2003; Wang, Sereno, Jongman, & Hirsch, 2003), the mid-
dle temporal gyrus is involved in learning semantic information
(Sandak et al.,2004) and the inferior parietal cortex is involved in
the mapping between orthographic word forms and their phono-
logical representations (Eden et al., 2004; Hashimoto & Sakai,
2004; Lee et al., 2003). Other findings, including connectivity
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analysis, have also suggested a shift from an initial rule-based
process in the temporo-parietal region to a later pattern-based
process in the occipito-temporal region with training (Buchel,
Coull, & Friston, 1999; Hashimoto & Sakai, 2004; Poldrack,
Desmond, Glover, & Gabrieli, 1998).

Acquiring lexical knowledge is marked by the acquisition
of rules of the language system, even without explicit instruc-
tions. One way to explore the effect of current knowledge on
processing new information is to compare the brain activity on
trained words with that on novel words. Several studies have
reported similar pattern of activation for trained words and for
novel words (Callan et al., 2005; Hashimoto & Sakai, 2004;
Lee et al., 2003) probably due to the high overlap in lexical
features between novel words and trained ones. In contrast to
this, Sandak et al. (2004) found that the activation pattern on
trained words showed the highest degree of similarity with that
of real words, whereas the least similarity was shown between
novel and real words. However, other studies have not showed
activity changes over training on novel words (Breitenstein et
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al., 2005; Stein et al., 2006). It is necessary to note that the gen-
eralization of learned knowledge could be based on perceptual
features (such as visual similarities) or rules (such as syntax).
However, the design of previous studies has not allowed a dis-
association of feature-based from rule-based transfer. Although
these studies compared brain activation for trained words with
that for novel words, they could not examine the application of
abstract knowledge or rules to the processing of novel words.

Chinese phonograms offer a unique tool for exploring the
transfer of lexical knowledge. Phonograms, which account for
80-90% of characters in modern Chinese, are generally com-
posed of two components called radicals: one gives a clue to
word meaning, e.g. water for lake, and the other indicates pro-
nunciation. This unique characteristic of the Chinese phonogram
makes it possible to extract underlying lexical knowledge dur-
ing learning. When several semantically related words have the
same semantic radical, the semantic radical gives a clue to word
meaning. For example, the three words B (sea), W’ (lake)
and A * (river) all have the same semantic radical 5’ on their
left part, which indicates something related to ‘water’. In the
current study, learning this knowledge was expected to facilitate
the character recognition. Given that this sub-lexical component
gives a clue to word meaning, we could examine transfer of this
knowledge to novel characters that shared the same semantic
radical with trained characters, such as the new character
> (brook) with the semantic radical > (water). By comparing
the learning effect of characters that shared a semantic radi-
cal to those that did not share a semantic radical, the similarity
of visual features across characters was controlled and therefore
any transfer effects on novel characters should be due to abstract
linguistic knowledge.

Another advantage of using Chinese characters in English
learners is that it allows an exploration of language-specific
activation. In previous studies, participants were trained on a
language with an orthographic system similar to their native lan-
guage (Hashimoto & Sakai, 2004; Lee et al., 2003; Raboyeau
et al., 2004), or English speakers learned artificial languages
written in alphabetic scripts (Breitenstein et al., 2005; Sandak
et al., 2003). These studies did not allow an examination of
whether network components are similar or different between
languages with fundamentally different orthographic systems.
No study has examined the learning-induced neural changes
across alphabetic versus non-alphabetic orthographic systems,
such as Chinese characters. Evidence from bilingual and mono-
lingual imaging studies have suggested that Chinese and English
share a similar semantic system (Bolger, Perfetti, & Schneider,
2005; Booth et al., 2006; Chee, Tan, & Thiel, 1999; Chee et
al., 2000, 2003), even for nonfluent bilinguals (Xue, Dong, Jin,
Zhang, & Wang, 2004). However, there are still distinct neural
mechanisms for Chinese character processing (Tan, Laird, Li,
& Fox, 2005). More bilateral activation in the visual cortex has
been shown for Chinese character reading, and some have sug-
gested that this is due to the greater demands on visual—spatial
analysis (Bolger et al., 2005; Tan et al., 2003). The left middle
frontal gyrus (BA9) is often found activated in Chinese character
reading, but rarely in alphabetic reading. Some have suggested
that this area is related to the addressed (whole character) access

of phonological representations in Chinese (Tan et al., 2000; Tan,
Feng, Fox, & Gao, 2001; Tan, Liu et al., 2001; Tan et al., 2005).
Activation of bilateral precuneus and superior parietal lobule
(SPL, BA7) are also consistently reported for Chinese character
reading (Chee et al., 1999, 2000; Kuo et al., 2001, 2003, 2004;
Lee et al., 2004; Tan et al., 2000; Tan, Feng et al., 2001; Tan,
Liu et al., 2001). According to a meta-analysis study (Tan et al.,
2005), the dorsal part of left parietal cortex showed consistent
activation for phonological processing of Chinese characters, in
contrast to activation of the ventral part for English processing.

In this study, English speakers with no previous exposure to
non-alphabetic languages were asked to learn Chinese phono-
grams without explicit instruction on the meaning of semantic
radical. The key purposes of this study were to examine the
neural mechanism involved in (1) learning of Chinese charac-
ters in English speakers and (2) transfer of semantic knowledge
to novel words. Previous studies have shown learning effects
for visual information in the fusiform gyrus (Gauthier et al.,
1999; Sandak et al., 2004) and a shift from parietal cortex to
the fusiform gyrus (Poldrack et al., 1998). Because our train-
ing involved relatively few items over a relatively short amount
of time, the learning effect could be pronounced in only in the
parietal region. Previous research has also implicated the middle
temporal gyrus in verbal semantic representations (Chou, Booth,
Bitan et al., 2006; Chou, Booth, Burman et al., 2006). However,
we expected little or no learning effects here because we trained
English speakers on the English translations of Chinese charac-
ters, and we would not expect this to result in a reorganization of
the verbal semantic system. Because responses to novel stimuli
are likely to place greater demands on visual spatial process-
ing (Dolan et al., 1997; Kuo et al., 2004) as well as greater
demands on retrieval and selection processes (Clark & Wagner,
2003; Corbetta & Shulman, 2002), we expected to see greater
activation in superior parietal cortex and inferior frontal gyrus,
especially for transfer stimuli as compared to the trained stimuli.

2. Methods
2.1. Participants

Twelve adults (average age=21.7 years, range = 19-39 years, 10 females
and 2 males) participated in this study. All participants were undergraduate or
graduate students at Northwestern University. Participants were native English
speakers with no prior Chinese language and other non-alphabetic language
experience. Participants were right-handed and had normal hearing and nor-
mal or correct-to-normal vision. None of the participants had a history of
learning disability, attention deficit hyperactivity disorder (ADHD), psychiatric
disorder, speech articulation problems or neurological disease. The Institu-
tional Review Board at Northwestern University and Evanston Northwestern
Healthcare Research Institute approved the informed consent procedures. All
participants got monetary reimbursement for their participation.

2.2. Materials

One hundred and forty-four Chinese phonograms evenly consisted of two
character types: semantic-implied (SI) versus semantic-unrelated (SU). For SI
type, 12 groups of six exemplars shared the same semantic radical, which indi-
cates the meaning/semantic category of the whole character. Within these groups,
the phonetic radical of these characters varied from each other (Fig. 1a). For SU
type, 12 groups contained six exemplars in which the semantic radicals were
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Fig. 1. Examples of stimuli with their English translation and their pronunciation
in pinyin. Numbers for the pinyin indicate one of four tones: (a) semantic-implied
type characters, the left part of each character (semantic radical) indicates “body
part”; (b) semantic-unrelated type characters, the left part of each character
indicates different meanings, while the right part (phonetic radical) of each
character is the same; (c) two examples of visual stimulus for the baseline task
in the fMRI scan with the left part or right part of the symbol bolded.

all different, so it was impossible to extract the semantic radical as a clue to
the meaning. However, in order to balance the visual repetition as compared to
SI type, the six exemplars in each group of the SU type shared the same pho-
netic radical (Fig. 1b). All characters were evenly divided into two stimuli sets.
Each set included three exemplars of each radical of both character types; as a
result, there were a total of 72 characters in each stimulus set. These two stimu-
lus sets were counterbalanced for either training or transfer across participants,
i.e. for one half of the participants, one stimulus set was used for training and
the other for transfer; the reverse arrangement was applied to the other half of
the participants. Characters used for training were broken up into six lists of 12
characters. Each list included two radicals (six characters) in SI type and another
two radicals (six characters) in SU type.

All characters were about a 200 x 200 pixel size. The characters with the
same radical were presented in three different fonts (SimSun, KaiTi and Fang-
song) in order to encourage participants to perform the task based on the
extraction of orthographic information rather than on the recognition of low-
level visual similarity. The stroke count of characters, an indication of visual
complexity, did not show significant differences between the two stimuli sets,
six lists or two character types. Chinese characters in the SI type showed sig-
nificantly higher written frequency (1485 per million) than those in the SU type
(519 per million) (Wang, Chang, & Li, 1985). However, because all participants
had no prior experience with Chinese characters, this difference could not affect
training or transfer effects. Both written and spoken frequency of English transla-
tions (data base: Baayen, Piepenbrock, & Gulikers, 1995 did not show significant
differences between stimuli sets, lists or character types. The free association
value of the radical to the character meaning for the English translations (data
base: Nelson, McEvoy, & Schreiber, 1998) did not show significant differences
between the stimulus sets or lists (mean =0.14). Because the semantic radicals
in the SU type were different, no free association values were collected for this
type.

Each Chinese character was given a one-word English translation in mean-
ing in an auditory format in order to avoid the visual interference of word forms
between languages. All English translations were recorded in a soundproof
booth using a digital recorder and a high-quality stereo microphone. A native
Chicagoan woman read aloud each English translation in isolation so that there
would be no contextual effects. Sound waves from the English translations were
normalized to 800 ms and equal amplitude (loudness) (WaveLab, 2002).

Late scan Recall test

(a) Learning phase
Uniti 2 3 4 5 6

Early scan Review phase
Unitt 23 4 5 6

i Learning of new
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Fig.2. (a)lllustration of overall training procedure; (b) illustration of experiment
tasks in the fMRI session.

2.3. Procedure

2.3.1. Behavioral training

The overall training procedure is presented in Fig. 2. Every participant went
through both a learning and a review phase. Regular quizzes were administered
to assess the progress of participants. All participants were trained in a quiet
isolated room. All training and testing procedures were computerized.

In the learning phase, participants learned a new list about every other day and
finished all six lists within 2 weeks. The learning sequence of the six lists was
counterbalanced between participants by a Latin square arrangement. Within
each learning unit (i.e. day), participants saw a Chinese character on the center
of a screen for 30 s and simultaneously heard its English translation in meaning
repeat 6 times. Each character was presented 4 times so that the repetition of
a specific radical was 12 times. The sequence in which the characters were
presented was fixed in each learning unit, ensuring the three exemplars of a
certain radical were not contiguously presented and a certain character was not
contiguously repeated. Each learning unit took 24 min. After finishing the six
learning units, participants reviewed all trained characters in six review units
of three lists each. The arrangement of review lists was designed ensuring that
each list was reviewed three times on different days, and a particular list would
not be reviewed more than twice on consecutive days. Because each participant
started with a different learning list, the reviewing sequence also varied across
participants. Within each review unit, participants saw a Chinese character on
the center of a screen for 10 s and simultaneously heard its English translation
in meaning repeat 3 times. Each character was repeated 4 times, resulting in
the repetition of a certain radical 12 times. Characters were presented randomly
with the constraint that a particular character did not appear contiguously more
than twice. Each review unit lasted 24 min.

The quiz was taken before learning or reviewing the list(s) on the participant’s
next visit in order to deal with immediacy effects. Each quiz only covered trained
characters from the latest learning or review unit, i.e. no novel stimuli were
introduced into quizzes. Within each trial, an auditory meaning was presented
for 800 ms, followed by a 200 ms interstimulus interval (ISI), then a visual
character for 800 ms. After a 2400 ms blank, the next pair appeared. Participants
were asked to judge whether the pair matched or not. Feedback was given after
each response. Reaction time was recorded and defined as the latency from the
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point that a visual character appeared to the time that a participant pressed the
button. All pairings were presented randomly.

2.3.2. fMRI sessions

Participants were scanned at the end of the learning phase and review phase.
Participants were tested on 72 trained characters and another 72 transfer charac-
ters. The same set of trained and transfer material was used in the early and late
scan, in which each character was always paired with the same English word.
The task format in the scan was the same as that in the quizzes, except no feed-
back was given after each response (Fig. 2b). For trained characters, participants
were asked to judge whether the pair matched or not. For transfer characters,
participants were instructed to guess whether the pair matched based on their
learned knowledge.

A visual-auditory matching task was served as a baseline for all runs. In this
task, artificial visual symbols were paired with two kinds of complex tones. In
order to minimize perceptual differences, these visual symbols were created by
spatially combining two to four Tibetan characters into a left—right structural
character, as seen in Fig. lc. The size of these symbols was the same as that
of Chinese characters. Each visual symbol was bolded on the left or right. A
volume-increasing tone indicated the bolded part should be on the right; whereas
a volume-decreasing tone indicated the bolded part should be on the left. Partic-
ipants were asked to judge whether the position of the bolded part of the symbol
matched the part indicated by the complex tone (Fig. 2b). This task was similar
to the lexical task in terms of perceptual and response demands except that stim-
uli in the control task were meaningless. Because the stimuli in the control task
were novel, comparing the lexical task to this baseline allowed examination of
neural activation specific to the acquired characters.

Participants were trained to keep their head still using an infrared tracking
device and then they practiced the baseline task in a simulator scanner for 15 min
in order to acclimate themselves to the scanner environment (Rosenberg et al.,
1997) and the control task. The practice session was administrated at least 3
days (range from 3 to 7 days) before the first fMRI scan. During the fMRI scan,
the presentation of trials was optimized for event-related design using Optseq
(http://surfer.nmr.mgh.harvard.edu/optseq, written by D. Greve, Charlestown,
MA). There were two runs for trained characters, including 90 SI type pairings,
90 SU type pairings, 60 control trails and 74 null events. Duration of each run
was 11.84 min. There were another two runs for transfer characters, involving 60
SI type pairings, 60 SU type pairings, 60 control trails and 56 null events. Each
run lasted 8.95 min. Both early and late scan used the same scanning protocol.

2.3.3. Delayed-test on recall: radical knowledge test

In order to examine the retention effect on trained knowledge, 3—6 months
after the training, participants were asked back to the lab for a recall test. After
going through a regular review unit on the six training lists, participants were
shown a list of trained characters, in which the semantic radical of each character
was circled. They were asked to write down the meaning of each character, and
also to guess the meaning of the circled part. The rate for correctly interpreting
the semantic radical was treated as the score for radical knowledge, indicating
the extent to which participants had extracted the underlying lexical rule.

2.4. Image acquisition

Participants lay in the scanner with their head position secured with a spe-
cially designed vacuum pillow (Bionix, Toledo, OH). An optical response box
(Current Designs, Philadelphia, PA) was placed in the participants’ right hand.
The head coil was positioned over the participants’ head. Participants viewed
visual stimuli that were projected onto a screen via a mirror attached to the
inside of the head coil. Participants wore headphones to hear auditory stimuli
(Resonance Technology, Northridge, CA).

All images were acquired using a 1.5 T GE scanner. Gradient-echo local-
izer images were acquired to determine the placement of the functional slices.
For the functional imaging studies, a susceptibility weighted single-shot EPI
(echo planar imaging) method with BOLD (blood oxygenation level-dependent)
was used. Functional images were interleaved from bottom to top in a whole
brain EPI acquisition. The following scan parameters were used: TE =35 ms, flip
angle =90°, matrix size = 64 x 64, field of view =24 cm, slice thickness =5 mm,
number of slices=24, TR =2000ms. The first two functional runs had 349

image volumes each and the last two had 236 image volumes. In addition,
a high resolution, T1 weighted 3D image was acquired (SPGR, TR =21 ms,
TE =8 ms, flip angle =20°, matrix size =256 x 256, field of view =22 cm, slice
thickness = 1 mm, number of slices = 124). The orientation of the 3D image was
identical to the functional slices.

2.5. fMRI data analysis

Data analysis was performed using SPM2 (Statistical Parametric Mapping).
The functional images were corrected for differences in slice-acquisition time
to the middle volume and were realigned to the first volume in the scanning
session using affine transformations. No participant had more than 3.0 mm of
movement in any plane. Co-registered images 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). Statistical analyses were calculated on the smoothed data (10 mm
isotropic Gaussian kernel), with a high pass filter (128 s cutoff period). 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 at the first-level analysis for all
individuals.

Data from each participant was entered into a general linear model using an
event-related analysis procedure (Josephs & Henson, 1999). Word pairs were
treated as individual events for analysis and modeled using a canonical hemo-
dynamic response function (HRF). Parameter estimates from contrasts of the
canonical HRF in single participant models were entered into random-effects
analysis across all participants to determine whether activation during a contrast
was significant.

We first looked for activation when processing trained and transfer charac-
ters, relative to their perceptual baseline, separately for early and late sessions.
Threshold was set at p <0.05 FWE-corrected with a cluster size of 10 or greater.
Then, correlations between neural changes as a result of learning and behavioral
performance were examined. Activation clusters were first identified at whole-
brain level when threshold was set to p <0.001 uncorrected with a cluster size
of 10 or greater. We further confirmed that these effects reached significance
(p <0.05) corrected for multiple comparisons, where a small volume correction
(SVC, sphere of radius 10 mm) was performed (Worsley et al., 1996), centered on
the coordinates of each activation peak identified previously. For each activation
cluster, Pearson correlation analysis were performed to estimate the correlation
of the neural changes and behavioral performance, reported as r value (correla-
tion coefficient). Finally, in order to further investigate differences between the
neural responses to trained versus transfer characters, we performed the region-
of-interest (ROI) analysis for regions on activated regions in trained characters.
By using the SPM Marsbar toolbox (Brett, Anton, Valabregue, & Poline, 2002),
ROI regions were constructed and the mean estimate of the percent signal change
for each condition was calculated. We submitted these data for each region-of-
interest to a 2 novelty (trained, transfer) x 2 session (early, late) x 2 type (SI,
SU) analysis of variance (ANOVA) analysis.

3. Results
3.1. Behavioral results

Fig. 3 shows the behavioral performance (only accuracy) on
quizzes and in the fMRI sessions. Because each subject started
the training with different lists due to our counterbalancing,
lists in each session were different among subjects. Therefore,
the quiz scores were collapsed into three stages, in which all
materials were learned once (stage 1), reviewed once (stage 2)
and twice (stage 3), respectively. Performance on quizzes sig-
nificantly increased in accuracy [F(2,22)=12.686, p<0.001)]
and decreased in reaction time (RT) [F(2,22)=13.75, p<0.01]
over time. Performance on SI characters demonstrated signif-
icantly higher accuracy [F(1,11)=6.114, p<0.05] and faster
RT [F(1,11)=9.322, p<0.05] than SU characters. Responses
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Fig. 3. Behavioral results. (a) Mean accuracy (bars indicate 1 standard error) for
the quizzes for SI and SU character types: (1) collapsed data from all quizzes
in the learning phase, (2) collapsed data from the first two quizzes in review
phase, and (3) collapsed data from the third and fourth quizzes in review phase.
(b) Mean accuracy (bars indicate 1 standard error) for trained characters in the
early and late fMRI session. (c) Mean d’ (bars indicate 1 standard error) for
transfer characters in the early and late fMRI session. SI, semantic-implied; SU,
semantic-unrelated.

to trained characters in the scanning sessions showed signifi-
cantly higher accuracy [F(1,11)=140.126, p <0.001] and faster
RT [F(1,11)=68.282, p<0.001] late versus early in learning.
Accuracy for the SI type was significantly higher than that for
the SU type [F(1,11)=8.34, p<0.05] (Fig. 3b). There were no
interactions between time and character type for the quizzes or
the scanning sessions. For responses to transfer characters, the
raw scores showed no reliable learning effect for either accu-
racy or reaction time. This lack of difference might be due to
a stricter criterion while judging unlearned characters, which
biased participants to reject the answer, so a sensitivity index

(d') was calculated to adjust for response bias. The value for
d' is the Z value of the hit-rate minus that of the false-alarm-
rate. This value indicates how sensitive an individual is to the
experimental manipulation. As shown in Fig. 3c, an interac-
tion between early/late learning and character type was found
[F(1,10)=10.391, p < 0.01]. SI type showed significantly higher
d' late compared to early in learning [F(1,10) =23.24, p <0.001],
whereas d’ for SU type did not differ over time [p >0.8].

3.2. Brain activations

3.2.1. Neural responses to trained characters

There was no significant difference between SI and SU type
characters on brain activation over time for trained characters,
suggesting a similar learning/response strategy for both charac-
ter types, so we collapsed across SI and SU type for imaging
data analysis. Fig. 4a and Table 1 shows significantly activated
areas for Chinese characters relative to the perceptual base-
line early and late in learning. Overlapping activations were
found in the left fusiform gyrus and middle occipital gyrus.
For the late session, the activated regions extended to the left
parahippocampus. In order to examine the learning effect, we
correlated behavioral improvement with the activation changes
from early to late learning, by entering the difference score
in accuracy (late—early) as a covariate of interest in the con-
trast of greater activation late versus early in learning. Fig. 4b
and Table 1 presents both significant positive and negative cor-
relations. Greater increases in accuracy were associated with
stronger activation in the left superior parietal lobule/precuneus
(BAT7) (r=0.89, p<0.001). However, greater increases in accu-
racy were associated with weaker activation in the left inferior
frontal gyrus (BA47) (r=—-0.91, p<0.001).

3.2.2. Neural responses to transfer characters

According to the behavioral results on the transfer characters,
SU and SI types showed significant differences, especially in the
later session, indicating different learning/response strategies for
each character type. In the early scan, there was no activation
difference between characters and the perceptual baseline. In
the late scan, both SI and SU showed greater activation in the
left inferior frontal gyrus and fusiform gyrus (see Fig. 5a and
Table 2). SU also showed activation in bilateral superior parietal
cortex and the left medial frontal gyrus.

In order to determine whether brain activation during learning
could predict maintenance of lexical knowledge, we examined
the correlation between knowledge of radicals on a delayed
recall test given 3—6 months after training and activation changes
from early to late training, using behavioral performance as
a covariate of interest in the contrast of late versus early
in learning. We did this analysis only for the SI characters
because processing these characters required the generaliza-
tion of knowledge extracted from the trained semantic radicals
to the transfer characters. As shown in Fig. 5b and Table 2,
higher recall of semantic radicals in the delayed test was asso-
ciated with greater activation in left precuneus (BA7) (r=0.85,
p <0.001). Other regions included bilateral middle frontal gyrus,
right posterior cingulate and right middle temporal gyrus.
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Fig. 4. (a) Brain activation maps for the semantic matching task (collapsed across SI and SU types) relative to a perceptual baseline for the trained characters in the
early and late scan sessions. (b) Brain regions that showed greater activation for trained characters from early to late in learning that were positively (superior parietal
lobule) and negatively (inferior frontal gyrus) correlated with greater accuracy improvement from early to late in learning.
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Table 1
Significant activations for trained characters and correlations between behavioral improvement and activation changes
Region H BA Voxels X Y VA Z score
Early scan, characters (both SI and SU) minus perceptual control
Fusiform L 20 49 —-36 —-36 —-21 5.80
Fusiform L 37 14 —45 —54 —12 5.07
Middle occipital gyrus/superior occipital gyrus R 19 43 36 —84 3 5.52
Late scan, characters (both SI and SU) minus perceptual control
Fusiform L 37 18 —42 —54 —18 5.44
Parahippocampus L 36 28 -39 —36 —18 6.01
Middle occipital gyrus R 19 12 45 =75 -9 5.40
Accuracy increases positively correlated with activation increases®
Superior parietal lobule L 7 28 —27 —66 54 3.70
Precuneus —12 —69 51 3.58
Accuracy increases negatively correlated with activation increases*
Inferior frontal gyrus L 47 31 —42 36 —6 3.84

H=left (L) or right (R) hemisphere; BA =Brodmann’s area of activation; voxels =number of voxels in cluster, only cluster 10 or greater are presented. *p <0.05

corrected after small-volume correction.

3.2.3. Region-of-interest analyses

In order to see how one generalizes trained knowledge to
transfer items, we formed three regions of interest (ROIs) based
on the peak of activation in clusters for the trained charac-
ters and applied those to the transfer characters. By doing the
ROI analysis in this way, rather than selecting ROIs based on
significance in the whole-brain analysis for transfer charac-
ters, we also avoided possible biases for inference (Poldrack,
2007). The three ROIs are: (1) the left fusiform gyrus (—44
—54 —14) based on the main effect of characters minus percep-
tual control, (2) the left superior parietal lobule (—27 —66 54)
based on the positive correlation with accuracy, and (3) the left
inferior frontal gyrus (—42 36 —6) based on the negative cor-
relation with accuracy. Radius of the ROIs was 3 mm in order
to avoid extending into another anatomically defined area. For
each subject, we calculated the percentage signal changes for

all experimental conditions, in which the baseline tasks were
included in the contrast in order to control the between-session
variations. In order to examine whether learning effects dif-
fered for trained versus transfer characters, we performed a 2
novelty (trained, transfer) x 2 session (early, late) x 2 type (SI,
SU) ANOVA analysis separately for each region. As shown in
Fig. 6, there were several significant interactions. In the fusiform
region (Fig. 6a), a novelty by session interaction was found
[F(1,11)=6.016, p <0.05]. Post hoc analysis showed that there
was no learning effect for the trained characters, whereas there
was an increase in activation from early to late for the trans-
fer characters [F(1,11)=7.426, p<0.05], driven primarily by
the SU type. In superior parietal lobule region (Fig. 6b), a
main effect of type [F(1,11)=9.151, p<0.05], and a novelty
by session interaction were found [F(1,11)=4.415, p=0.05].
Post hoc analysis showed that activation reduced from early to

Table 2
Significant activations for transfer characters and correlations between scores of recall test and activation increases
Region H BA Voxels X Y V4 Z score
Late scan: semantic-implied minus perceptual control in late session
Inferior frontal gyrus L 45/46 56 —51 33 6 5.99
Middle temporal gyrus L 37/21 19 —57 —48 —12 5.10
Fusiform —45 —54 —15 4.90
Late scan: semantic-unrelated minus perceptual control in late session
Inferior frontal gyrus L 47 53 —51 36 0 6.48
Precuneus R 39 11 30 —66 42 5.74
Superior parietal lobule L 7 10 -30 —69 51 5.30
Medial frontal gyrus L 8 15 —-12 36 48 5.19
Middle temporal gyrus L 21/37 30 —-57 —51 -9 5.13
Fusiform —45 —54 —15 5.12
Activation increases correlated with recognition of radicals*
Precuneus L 7 13 -36 —66 36 3.49
Posterior cingulate R 23 14 15 —54 9 3.93
Middle temporal gyrus R 21 10 57 =3 —24 3.58
Middle frontal gyrus L 10 29 -39 54 0 4.56
Middle frontal gyrus R 10 25 39 57 —6 3.80

H=left (L) or right (R) hemisphere; BA = Brodmann’s area of activation; voxels =number of voxels in cluster, only cluster 10 or greater are presented. *p <0.05

corrected after small-volume correction.
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Late Scan: S| characters>Baseline

% Signal change difference (late-early)

T
50.00

Recall rate of semantic radical

precuneus(-36,-66,36) [r=.85]

Fig. 5. (a) Brain activation maps for the semantic matching task relative to a perceptual baseline for the transfer characters for SI and SU types in the late scan
session. (b) Brain regions that showed greater activation for transfer characters from early to late in learning that were positively correlated with higher recognition
rate of radicals in a delayed test given 3—6 months after training. Please note that only 10 of the 12 subjects were available for the delayed testing.

late for the trained characters [F(1,11)=28.85, p<0.05] driven
primarily by the SI type, whereas there was no learning effect
for the transfer characters. In inferior frontal gyrus region
(Fig. 6¢c), a main effect of novelty [F(1,11)=10.35, p<0.01]
and anovelty by session interaction were found [F(1,11) =7.084,
p <0.05]. Post hoc analysis showed that activation reduced from
early to late for trained characters [F(1,11)=5.74, p<0.05]
driven primarily by the SU type, and activation increased
from early to late for transfer characters [F(1,11)=38.82,
p<0.001].

4. Discussion

Neural changes resulting from English speakers learning
the meaning of Chinese characters were examined in a cross-
modality matching task using fMRI. The present study differed
from previous lexical learning studies because it allowed partic-
ipants to implicitly learn sub-lexical semantic knowledge during
training and transfer of semantic knowledge was measured by
examining the processing of novel characters that shared a
semantic radical with trained characters. Behavioral findings
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Fig. 6. Percentage signal change for ST and SU types on both trained and transfer
characters in three ROIs: (a) fusiform gyrus, (b) superior parietal lobule, and (c)
inferior frontal gyrus. Asterisks indicates a significant difference from early to
late in training (z-test p <0.05).

suggested that the acquisition of underlying semantic knowledge
facilitated the recognition of both trained and transfer characters.
For imaging results, there were selective activation patterns in
three left lateral cortical areas, including the fusiform gyrus, the
superior parietal lobule and the inferior frontal gyrus, indicating
their distinct roles in lexical learning and transfer.

4.1. Learning effect on trained characters

Several lines of research suggest that the left fusiform gyrus
is important for processing orthographic information (Nobre,
Allison, & McCarthy, 1994; Petersen, Fox, Snyder, & Raichle,
1990) and developmental imaging studies have shown that acti-
vation of this region increases with age and correlates with
reading skill (Shaywitz et al., 2002). In current study, the left
fusiform gyrus showed robust activation for the lexical condition
(characters) relative to a perceptual baseline (meaningless visual
symbols), supporting its key role in visual processing of ortho-
graphic information irrespective of the written system. Evidence
from lexical learning studies have also shown learning effects

in the fusiform gyrus (Breitenstein et al., 2005; Hashimoto &
Sakai, 2004; Poldrack et al., 1998; Sandak et al., 2004; Xue et al.,
2006). For example, an artificial language learning study (Xue
et al., 2006) reported that activation in the midfusiform region
decreased after a short period of visual word form learning, but
increased in subsequent phonological and semantic learning. It
has also been suggested that, as proficiency improves, process-
ing of a new language might be associated with a shift from
rule-based analysis in a dorsal parietal pathway to pattern-based
recognition in a ventral temporal pathway (Hashimoto & Sakai,
2004; Poldrack et al., 1998). In our study, however, fusiform
activation was statistically comparable between early and late
in learning, indicating that the learning of Chinese characters
may still have been at an early stage of learning.

Although the ROI analyses reveal an overall decrease of
activation in SPL with training, correlation analyses show that
learning related activation in SPL was also modulated by behav-
ior. Greater improvement on subjects’ performance from early
to late in learning was correlated with greater activation in
the left superior parietal lobule. Superior parietal lobule acti-
vation has been consistently found in most imaging studies of
Chinese characters across different tasks and conditions, includ-
ing homophone judgment (Kuo et al., 2004; Tan, Feng et al.,
2001), thyming judgment (Booth et al., 2006), processing words
with short presentation duration (Fu, Chen, Smith, Iversen, &
Matthews, 2002; Peng et al., 2003), irregular character pro-
cessing (Lee et al., 2004; Tan, Liu et al., 2001), processing of
words with vague meanings (Tan et al., 2000), and process-
ing low frequency words (Kuo et al., 2003). Lee et al. (2004)
found a frequency by consistency interaction for Chinese char-
acter processing in the temporo-parietal region, suggesting the
importance of this region in rule-based analysis at the sub-lexical
level. Additionally, visual attention studies have found superior
parietal lobule/lateral precuneus activation in tasks that involve
shifting of attention (Booth et al., 2004; Cohen et al., 2002) and
spatial working memory (Buckner, Raichle, Miezin, & Petersen,
1996; Shallice et al., 1994). The superior parietal lobule may be
associated with a top-down allocation of attention and conjunc-
tion functioning by binding separately presented local features
(Corbetta et al., 1995; Kanwisher & Wojciulik, 2000; Kuo et
al., 2003, 2004). In a post-test questionnaire, most subjects (11
out of 12) in our study reported that they noticed the meanings
of similar characters belonged to a specific category and most
linked the visual features and meanings of a single character to
similar unlearned transfer characters (9 out of 11). Therefore,
the acquisition of Chinese characters in English speakers may
have involved an increasing demand on visual-spatial process-
ing of visual features within characters (i.e. semantic radical),
resulting in larger learning effect in the superior parietal lobule
for those who showed greater improvement from early to late in
learning. However, overall activation in the superior parietal lob-
ule, especially for the SI type characters, decreased from early
to late in learning suggesting that this region became more effi-
cient in visual-spatial processing. Taken together, these studies
suggest that the superior parietal lobule may play a crucial role
in the sub-lexical (i.e. radical) processing of the visual features
of Chinese characters.
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In the present study, greater behavioral improvement from
early to late in learning was associated with greater decreases
in activation in the inferior frontal gyrus from early to late in
learning. Evidence from priming studies has shown that repeti-
tion of stimuli results in decreased neural activity in the inferior
frontal region during semantic processing (Buckner, Koutstaal,
Schacter, & Rosen, 2000; Wagner, Koutstaal, Maril, Schacter,
& Buckner, 2000). Similarly, studies of lexical learning have
reported reduced activation in left inferior frontal gyrus when
stimuli are repeated (Poldrack et al., 2001; Sandak et al., 2004).
Bilingual studies also have shown that higher proficiency in
semantic processing is associated with less activation of the
inferior frontal gyrus region (Chee, Hon, Lee, & Soon, 2001;
Perani et al., 2003). Our results are consistent with these studies
and suggest the reduced inferior frontal gyrus may be related to
more efficient processing of semantic information over learning.
However, the training related decrease, across the whole group,
from early to late in learning was more pronounced for the SU
type characters, which also had lower accuracy. The SI type
characters shared semantic radicals that gave a clue to meaning,
whereas the SU characters shared phonological radicals so they
were just visually similar. It is possible that the smaller reduc-
tion for SI type characters was because subjects were continuing
to use the radicals to access meaning, whereas the SU radicals
were just visually similar and therefore the greater reduction
could represent perceptual repetition effect.

4.2. Learning effect on transfer characters

In the present study, lexical learning involved the implicit
learning of semantic radicals and the transfer of learned knowl-
edge facilitated behavioral responses to novel characters. SU
type characters in which transfer of semantic information about
the radical was not possible, produced more activation in the
superior parietal lobule as compared to SI type characters in
which the transfer of semantic information was possible. It may
be that SU character processing demands more visual-spatial
attention to segment radicals (Booth et al., 2006; Chen, Fu,
Iversen, Smith, & Matthews, 2002; Fu et al., 2002). We also
found that better performance in a delayed test (3—6 months after
training) of radical recall was associated with a greater activation
increase from early to late in learning for transfer characters in
the left lateral precuneus. Better performance on radical recall
presumably indicates the participants’ knowledge of the under-
lying lexical rule that associates radicals with semantic category
information. Even without explicit instruction, many of our par-
ticipants acquired the relationship between radicals and whole
characters after training and attempted to transfer the acquired
radical knowledge to the novel characters that shared the same
semantic radical. As discussed above, the dorsal aspect of pari-
etal region, including the superior parietal lobule and the lateral
aspect of precuneus, appears to be involved in the visual-spatial
processing of sub-lexical components of Chinese characters,
therefore it is possible that reliance on this neuro-cognitive net-
work resulted in better learning over the long term.

Convergent evidence from neuroimaging studies on the pro-
cessing of written alphabetic words has suggested that the left

inferior parietal cortex (BA40) mediates the integration between
lexical representations (Booth et al., 2002a; Chou, Booth, Bitan
etal., 2006; Chou, Booth, Burman et al., 2006). Learning-related
changes are also found in this area (Breitenstein et al., 2004;
Lee et al., 2003; Poldrack et al., 1998). Evidence from reme-
diation studies (Eden et al., 2004; Kujala et al., 2001; Temple
et al., 2003) also report that, after a phonic/phonological-based
training, dyslexics show increased activation in the left inferior
parietal lobule, which usually shows less activation in dyslexics
compared to controls. A recent meta-analysis, however, sug-
gests that the left posterior sites of temporo-parietal regions are
important for alphabetic languages, but not for Chinese char-
acters (Tan et al., 2005). The dorsal aspect of parietal region
(BA7) seems more crucial for the visual-spatial processing of
Chinese characters. The present results also support this notion
by showing learning and transfer effects for Chinese character
processing in the superior parietal lobule.

Although there were no correlations between behavioral
performance and activation in the fusiform gyrus, there were
increases in activation from early to late in learning for the
transfer characters. This increase was primarily driven by the
SU type characters which did not show any behavioral improve-
ment over learning. SU type characters are more difficult than ST
characters because the former cannot benefit from the transfer
of knowledge about the semantic radical. Other training studies
have shown greater activation in the fusiform region for char-
acters that are less familiar or more difficult (Xue et al., 2006).
The mechanism for the difficulty modulation in this region is
unclear, as the fusiform region could be involved in orthographic
processing (Baker et al., 2007; Cohen & Dehaene, 2004) or
integration functions such as polymodal interactions to visual,
auditory and tactile inputs (Price & Devlin, 2003). In our study,
it is most likely that greater activation in the fusiform gyrus over
learning may be related to transferring orthographic knowledge
to SU characters. The posterior part of middle temporal gyrus
(BA21) also showed greater activation for transfer characters
in the late scan as compared to the early scan, and no learning
effect was found for trained characters in this region. This region
is thought to be involved in semantic processing (Castillo et al.,
2000; Gold & Buckner, 2002; also see Price, 2000 for a review)
across different scripts (Nakamura, Dehaene, Jobert, Bihan, &
Kouider, 2005) and independent of input modality (Booth et
al., 2002b). Therefore, the learning-related increases in activa-
tion of the middle temporal gyrus may reflect the more effective
access of semantic information when processing transfer char-
acters.

Activation in the left inferior frontal gyrus has been shown
for variety of semantic tasks in English (Demb et al., 1995;
Thompson-Schill, D’esposito, Aguirre, & Farah, 1997; Wagner,
Pare-Blagoev, Clark, & Poldrack, 2001). Some have argued that
the inferior frontal gyrus is a semantic working memory system
or semantic executive system that is involved in the controlled
retrieval, selection, and evaluation of semantic representations
(Gabrieli, Poldrack, & Desmond, 1998; Gold & Buckner, 2002;
Poldrack et al., 1999; Wagner et al., 2001). As in English,
left inferior frontal gyrus has also been found to be associated
with control processes in the semantic processing of Chinese
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characters (Zhang et al., 2004). In the present study, we found
that transfer characters produced greater activation than trained
characters both early and late in learning and that there was an
increase from early to late in learning for the transfer characters
in the ventral inferior frontal gyrus (BA47). These effects
suggest that participants may be more effectively engaging
executive processes in the inferior frontal gyrus when process-
ing transfer characters, especially late in learning. In fact, the
behavioral measures showed that participants were performing
near chance levels early in learning and had a bias of responding
no, whereas later in learning participants were scoring reliably
above chance. We did not find activation in the dorsal aspect of
the inferior frontal gyrus (BA9) in any of the comparisons in this
paper for either the trained or transfer characters. The dorsal part
of inferior frontal gyrus is thought to play a key role in addressed
phonology of Chinese characters (Tan et al., 2005). However,
the pronunciations of Chinese characters were not provided in
this study and no subjects reported they concentrated on the
pronunciation of the English words, so this may explain the lack
of recruitment of the dorsal aspect of the inferior frontal gyrus.

5. Conclusion

In this study, we took advantage of the unique characteris-
tic of Chinese phonograms to examine both the item-specific
learning effects on trained characters and the generalization of
semantic knowledge to transfer characters on brain activation.
Our findings suggest that the left fusiform gyrus is involved in
the orthographic processing of characters and that the inferior
frontal gyrus is associated with retrieval and manipulation of
semantic representations. More importantly, the present study,
for the first time, demonstrates the role of the left superior pari-
etal cortex in learning the visual-spatial aspects of Chinese
characters and also generalization of orthographic—semantic
knowledge to novel characters.
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