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Abstract: Reading in a second language (L2) is a complex task that entails an interaction between L2 and the
native language (L1). To study the underlying mechanisms, we used functional magnetic resonance imaging
(fMRI) to visualize Chinese–English bilinguals’ brain activity in phonological processing of logographic
Chinese and alphabetic English, two written languages with a sharp contrast in phonology and orthography.
In Experiment 1, we found that phonological processing of Chinese characters recruits a neural system
involving left middle frontal and posterior parietal gyri, cortical regions that are known to contribute to spatial
information representation, spatial working memory, and coordination of cognitive resources as a central
executive system. We assume that the peak activation of this system is relevant to the unique feature of
Chinese that a logographic character has a square conﬁguration that maps onto a monosyllabic unit of speech.
Equally important, when our bilingual subjects performed a phonological task on English words, this neural
system was most active, whereas brain areas mediating English monolinguals’ ﬁne-grained phonemic analysis, as demonstrated by Experiment 2, were only weakly activated. This suggests that our bilingual subjects
were applying their L1 system to L2 reading and that the lack of letter-to-sound conversion rules in Chinese
led Chinese readers to being less capable of processing English by recourse to an analytic reading system on
which English monolinguals rely. Our brain imaging ﬁndings lend strongest support to the idea that language
experience tunes the cortex. Hum. Brain Mapping 18:158 –166, 2003. © 2003 Wiley-Liss, Inc.
Key words: fMRI; second language learning; bilingualism; reading in Chinese; neural bases for second
language learning; brain mechanisms of Chinese reading
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For people who speak two languages, understanding tens of thousands of words in either of the two
languages is an exceptional accomplishment of their
cognitive and neural-anatomical systems. Over the
past half-century, researchers have been attempting to
elucidate the fundamental mechanisms that achieve
this remarkable feat. Two prominent theories have
been proposed. According to the universal language
system theory, a general cognitive [Clarke, 1980;
Goodman, 1973; Perfetti et al., 1992] and neuro-anatomical network is engaged in reading across lan-
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guages and the age that learners begin to acquire L2
does not matter [Chee et al., 1999; Hernandez et al.,
2001; Klein et al., 1995]. Alternatively, it is hypothesized that reading involves language-speciﬁc processing and representation systems [Fiez, 2000; Gottardo
et al., 2001; Holm and Dodd, 1996; Hu and Catts, 1998;
Neville et al., 1998; Siok and Fletcher, 2001; Vaid, 2002;
Vaild and Hull, 2002; Wang and Geva, in press], especially for “late bilinguals” who begin to learn L2 in
early adulthood [Kim et al., 1997; Weber-Fox and Neville, 1996]. On this account, language similarity in
orthography, phonology, and syntax determines the
transfer of appropriate reading skills [Koda, 1994;
Weinreich, 1953; Yip and Matthews, 2000].
To discover the cross-linguistic nature of L2 literacy,
we carried out one fMRI experiment with bilinguals
who learned Chinese as L1 and English as L2. Chinese–
English bilinguals were recruited because the two languages they have learned are most widely used in the
world and possess the sharpest contrast in design
principle. While English words map onto phonemes
(minimal sound units as represented by letters) and
abide by letter–sound conversion rules, written Chinese uses the character as the basic writing unit whose
phonology is deﬁned at the monosyllabic level, with
no parts in the character corresponding to phonological segments such as phonemes. Although about 85%
of present-day Chinese characters are phonetic compounds containing a phonetic component that may
give information about the pronunciation of the compound [Perfetti and Tan, 1999], estimates of the validity of this information reveal that only 38% of phonetic
components are helpful for the pronunciation of
whole characters. Moreover, it is never the case in
Chinese that a phonetic component maps onto a subsyllabic phonological representation in the way that a
letter maps onto a segment of a word’s phonological
form in an alphabetic system. For instance, in the
English word beech, the b corresponds to /b/, and the
latter is a segment of the word. For the Chinese pho(pronounced /li3/, meaning reanetic compound
son; the numeral here refers to Chinese tone), the
phonetic component
located on the right (also pronounced /li3/, meaning inside) does not correspond to
a piece of the word’s phonological form; it is the
syllable that segmentally is exactly the word. There is
no part within the written word that represents the
segment /l/ or /i/ or the tone. Thus, Chinese writing
does not allow a true segmental analysis that is fundamental to alphabetic systems [Mattingly, 1987], and
quasi-regular letter–sound conversion rules that exist
in all alphabetic languages are impossible in Chinese.
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However, Chinese characters possess a number of
strokes that are packed into a square shape; they map
onto morphemes, often having their meaning suggested by visual conﬁgurations [Rayner and Pollatsek,
1989].
Two fMRI experiments are reported in this study. In
Experiment 1, we utilized fMRI to localize the brain
areas responsible for the phonological processing of
the two languages by our bilingual subjects. Twelve
right-handed, neurologically normal male bilinguals
who started to learn English after age 12 were
scanned. Despite being “late” English learners, our
assessment of their English proﬁciency indicated that
they were moderately ﬂuent L2 speakers. We used a
rhyme judgment task [Booth et al., 2002; Lurito et al.,
2000; Poldrack et al., 2001; Pugh et al., 1996; Xu et al.,
2001], in which the subject decided whether a pair of
synchronously exposed Chinese characters or English
words rhymed with each other. Theoretically, rhyme
judgments may involve phonological processes at several levels including syllable, rime, and phoneme
[Poldrack et al., 1999; Zatorre et al., 1996]. For native
English speakers, rhyme judgments of English words
are assumed to provoke ﬁne-grained phonemic processes, because cognitive research has agreed that letter–sound conversions occur rapidly and obligatorily
in identifying a written English word [Perfetti et al.,
1988; Pollatsek et al., 1992; Van Orden, 1987]. In Chinese readers, rhyme judgments of Chinese characters
may be more similar to syllable judgments, if subjects
are not explicitly required to segment a syllable into
subsyllabic units such as rime and onset. This is due to
the dominance of syllable level processing over phonemic processing in reading Chinese. In the control
scan, subjects decided whether two Chinese characters
or English words had the same physical size (font size
judgment). This task served as a baseline, which
should control for activation due to the visuo-orthographic and semantic processing of linguistic stimuli
in the experimental task [Tan et al., 2001]. The two
Chinese or English words exposed in each pair shared
no visuo-orthographic similarity so that subjects had
to make a decision based on phonological rather than
visual properties (Fig. 1).
In order to compare results from our Chinese–English bilingual subjects directly with results from native English speakers, we carried out Experiment 2,
wherein native English users were required to make
the rhyme decision on the same set of English words
used by Chinese subjects. The same MRI scanner was
used.
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Figure 1.
Examples of experimental stimuli used in study 1. a: The subject
judged whether the two Chinese characters rhymed with each
other. The character above the ﬁxation crosshair is pronounced
/nao/, with meanings of “noisy” and “stir up trouble.” The character below the ﬁxation crosshair is pronounced /tao/, meaning
“hitch up” and “sheath”. b: The subject judged whether the two
Chinese characters had an identical physical size. The character
above the ﬁxation crosshair is pronounced /yin/, with a meaning of
“because.” The character below the ﬁxation crosshair is pronounced /lu/, meaning “road.” c,d: The subject also performed
rhyme and font size judgments, respectively. With the above
Chinese characters as examples, it can be seen that Chinese
characters are composed of a number of strokes (the smallest
writing unit of logographs), and are salient as holistic square-shape
units. Moreover, a character is pronounced monosyllabically, with
no parts of the character corresponding to phonemes. For instance, in a, the character above the ﬁxation crosshair is pronounced /nao/; but in this character, there is no component which
is pronounced /n/ or /a/ or /ao/.

resenting exclusive right-hand use. The items were:
writing a letter, drawing a picture, throwing a ball,
holding chopsticks, hammering a nail, brushing teeth,
cutting with scissors, striking a match, and opening a
door. The scores on the 9 items were summed for each
subject, with the lowest score (9) indicating exclusive
left-hand use for all tasks, and the highest score (45)
indicating exclusive right-hand use. All subjects had
scores higher than 40.
A language experience questionnaire was devised
to obtain measures of self-reported current ﬂuency in
English for the bilingual subjects. On average, subjects
began speaking their second language at 12 years and
already received a minimum of 12 years of formal
training in English throughout primary school, high
school, and college in China. They all had a TOEFL
score of 570 or higher at the time of admission to a
graduate program. Their length of residence in the
United States varied from 3 to 7 years. The questionnaire also contained a rating scale to assess subjects’
language skills in speaking, reading, and understanding. The endpoints of the rating scale were 1 (not
ﬂuent) and 5 (very ﬂuent). The average rating scores of
ﬂuency in subjects’ English were 4.42 (speaking, SD
⫽ 0.669), 4.67 (reading, SD ⫽ 0.492), and 4.33 (understanding, SD ⫽ 0.651).
In Experiment 2, we scanned 12 male native English
speakers ranging in age from 25 to 38. None of the
native English speakers ever learned the Chinese language. They were strongly right handed as judged by
the handedness inventory. They also gave informed
consent in accordance with guidelines set by
UTHSCSA.
Apparatus and Procedure

SUBJECTS AND METHODS
Subjects
In Experiment 1, we scanned 12 male bilingual subjects ranging in age from 29 to 39 years. They gave
informed consent in accordance with guidelines set by
the University of Texas Health Science Center at San
Antonio (UTHSCSA). All were native Chinese speakers from China who started to learn English as L2 after
age 12. They were graduate students who were studying in a doctoral program at University of Texas.
All subjects were strongly right handed as judged
by the handedness inventory devised by Snyder and
Harris [1993]. In this inventory, we adopted nine items
involving unimanual tasks (tasks that can be done by
only one hand). A 5-point Likert-type scale was used,
with 1 representing exclusive left-hand use and 5 rep-
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Experiments were performed on a 1.9 T GE/Elscint
Prestige whole-body MRI scanner (GE/Elscint Ltd.,
Haifa, Israel) at the Research Imaging Center at
UTHSCSA. The subject’s head was immobilized by a
tightly ﬁtting thermally molded plastic facial mask
that extended from hairline to chin [Fox et al., 1985]. A
T2*-weighted gradient-echo echo planar imaging (EPI)
sequence was used for fMRI scans, with the slice thickness ⫽ 6 mm, in-plane resolution ⫽ 2.9 mm ⫻ 2.9 mm,
and TR/TE/ ⫽ 2,000 msec/45 msec/90 degrees. The
ﬁeld of view was 372 ⫻ 210 mm, and the acquisition
matrix was 128 ⫻ 72. Twenty contiguous axial slices
were acquired to cover the whole brain. The anatomical MRI was acquired using a T1-weighted, threedimensional, gradient-echo pulse-sequence. This sequence provided high resolution (1 ⫻ 1 ⫻ 1 mm)
images of the entire brain.
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Materials and Behavioral Performance
Twenty-four pairs of rhyming Chinese characters
and 24 pairs of rhyming English words were used for
rhyme judgments. Another 24 pairs of Chinese characters and 24 pairs of English words were used for
font size judgments. To minimize the visual similarity
of stimuli, the two Chinese characters in each pair
shared no components, while the two English words
in each pair shared as few letters as possible. Both the
Chinese characters and English words were commonly used in terms of their frequency (mean ⫽ 159
per million and SD ⫽ 276 for Chinese; mean ⫽ 184 and
SD ⫽ 283 for English stimuli).
The stimuli were shown through a LED projector
system. In the rhyme decision task, subjects judged
whether the two viewed characters or English words
rhymed with each other. In the font size decision task,
subjects decided whether the two viewed items had a
same physical size. In each trial, a pair of characters
was exposed synchronously for 1,500 msec, one above
and one below a ﬁxation crosshair. After the presentation of the two items, a ﬁxation crosshair was exposed for 500 msec. Subjects indicated a positive response by pressing the key corresponding to the index
ﬁnger of their right hand and a negative response by
pressing the key corresponding to the index ﬁnger of
their left hand. Chinese (or English) items were randomized within 24-sec blocks comprised of 6 pairs of
rhyming items and 6 pairs of unrelated stimuli that
served as ﬁllers. In the control scan, 6 pairs of items
had the same physical size and another 6 pairs a
different physical size. Experiment 1 was conducted in
a single run, consisting of 4 blocks for each of the 4
conditions (i.e., Chinese and English rhyme decision,
and Chinese and English font size decision). Presentation of the four conditions was counterbalanced and
randomized across subjects.
In Experiment 2, 12 native English speakers performed the rhyme and font-size decision tasks on the
same English words that were used for our bilingual
subjects. The design and procedures were identical to
those of Experiment 1, except that the native English
speakers did not view Chinese stimuli.
Data Analysis
Matlab (Mathworks, Natick, MA) and in-house software were used for image processing [Xiong et al.,
1995], which included corrections for head motion and
global MRI signal shift. Skull stripping of the 3D MRI
T1-weighted images was done using Alice software
(Perceptive Systems, Boulder, CO). These images were
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then spatially normalized to the Talairach brain atlas
[Talairach and Tournoux, 1988] using the Convex Hull
algorithm [Lancaster et al., 1999].
Functional images were grouped into Chinese
rhyme decision, Chinese font size decision, English
rhyme decision, and English font size decision. (For
native English speakers, functional images were
grouped into English rhyme decision and English font
size decision.) Images from the ﬁrst 8 sec of each
condition were excluded from further functional data
processing to minimize the transit effects of hemodynamic responses. Activation maps were calculated by
comparing images acquired during the rhyme task
state with those acquired during the control state (font
size decision), using a students’ group t-test. To suppress noise, fMRI images were ﬁltered using a spatial
Gaussian ﬁlter with full width at half maximum
(FWHM) of three pixels. The activation maps were
also spatially normalized into Talairach space using
the Convex Hull algorithm. The averaged activation
maps across the subjects with a t value threshold of 2.4
(P ⬍ 0.01) were then overlaid on the corresponding T1
images. For each condition, Talairach coordinates of
the center-of-mass and volume (mm3) of the activation
clusters were determined based on the averaged activation maps. A commonality analysis [Roskies et al.,
2001] was performed to identify regions common to
Chinese and English rhyme decisions for our bilinguals. Direct comparisons of activated brain regions in
terms of activation volume and activation index [Gao
et al., 1996] were conducted to see the difference between Chinese and English readers.
RESULTS
For Chinese–English bilingual subjects, activations
related to rhyme decision contrasted with font size
decision were remarkably similar for Chinese characters and English words (see Fig. 2). Peak activations
occurred in the left middle frontal cortex at Brodmann
Areas (BAs) 9 and 46. The left motor cortex and supplementary motor cortex were also strongly active.
Other important activated areas included precuneus
(BA 7) and inferior parietal lobule (BA 40) in the left
hemisphere. Minor activations were seen in the left
inferior prefrontal gyrus (BA 45/47). The commonality analysis identiﬁed the left middle frontal cortex
and precuneus to be signiﬁcant both for Chinese characters and English words. There were no differential
activations between Chinese and English stimuli.
For native English speakers, as shown in Figure 3,
phonological processing of English monolinguals was
mediated by the peak activations of the left inferior
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Figure 2.

Figure 3.
Averaged brain activations associated with phonological analysis sural line. Peak activations can be seen in the inferior prefrontal
(rhyme decisions minus font size decisions) for native English cortex (x ⫽ ⫺49, y ⫽ 11, z ⫽ 20, t ⫽ 6.27; and x ⫽ ⫺35, y ⫽ 20,
users. Normalized t maps (color) pooled from 12 subjects are z ⫽ 12, t ⫽ 4.61) and the superior temporal gyri (x ⫽ ⫺57, y
overlaid on the corresponding T1 images (gray-scale), demonstrat- ⫽ ⫺42, z ⫽ 21, t ⫽ 6.21) on the left. Weak brain activity was
ing statistically signiﬁcant activations (P ⬍ 0.01). Planes are axial observed in the left middle frontal cortex (x ⫽ ⫺49, y ⫽ 38, z
sections, labeled with the height (mm) relative to the bicommis- ⫽ 24, t ⫽ 4.59).
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Figure 2.
Averaged brain activations provoked by phonological analysis ⫽ 54, t ⫽ 2.67) and supplementary motor area (SMA, x ⫽ ⫺2, y
(rhyme decisions minus font size decisions) of Chinese characters ⫽ 4, z ⫽ 51, t ⫽ 3.39). b: Peak activation in reading English was
(a) and English words (b) for late Chinese–English bilinguals. seen in the left middle frontal cortex (x ⫽ ⫺44, y ⫽ 18, z ⫽ 31,
Normalized t-maps (in color) pooled from 12 subjects are overlaid t ⫽ 6.28). Strong brain activations were also observed in the left
on the corresponding T1 images (in gray scale), demonstrating precuneus (x ⫽ ⫺31, y ⫽ ⫺69, z ⫽ 43, t ⫽ 4.42), the left inferior
statistically signiﬁcant activations (P ⬍ 0.01). Planes are axial sec- parietal cortex (x ⫽ ⫺43, y ⫽ ⫺42, z ⫽ 36, t ⫽ 2.72) and SMA (x
tions, labeled with the height (mm) relative to the bicommissural ⫽ ⫺1, y ⫽ 4, z ⫽ 52, t ⫽ 3.27). According to a commonality
line. a: Activations in reading Chinese peaked at the left middle analysis, activations that are common to Chinese and English
frontal cortex (x ⫽ ⫺44, y ⫽ 21, z ⫽ 26, t ⫽ 6.43) and also can phonological analyses were housed in the left middle frontal region
be seen in the left precuneus (x ⫽ ⫺28, y ⫽ ⫺72, z ⫽ 43, t (x ⫽ ⫺ 44, y ⫽ 20, z ⫽ 29) and precuneus (x ⫽ ⫺29, y ⫽ ⫺69,
⫽ 2.97), the left inferior parietal lobule (x ⫽ ⫺45, y ⫽ ⫺55, z z ⫽ 44).

frontal (BA 44/45) and superior temporal gyri (BA 22).
Activation in the middle frontal cortex was weaker.
This pattern of brain activations is in striking contrast
to the neural networks responsible for reading Chinese and English by our bilingual subjects.
Direct comparisons of the cortical activations (in
volume) between Chinese and English readers further
qualiﬁed the cultural difference (Fig. 4). Greater activations were obtained in the left middle frontal cortex
for Chinese and English rhyme decisions in Chinese
readers as compared with the rhyme decisions of native English readers. In contrast, native English readers showed greater activations in the left superior
temporal gyrus and inferior frontal cortex than Chinese readers. Direct comparisons employing activation index, which uses activation volume ⫻ the fMRI
signal changes averaged over the activation volume
[Gao et al., 1996], showed the same pattern.
Figure 4.
Direct comparison of activation volume (mm3) between native
Chinese and English readers. In the left middle frontal cortex
covering BAs 9 and 46, greater activation was found in the phonological processing of Chinese and English words by Chinese
readers compared with native English readers (t(22) ⫽ 2.81, P
⬍ 0.01, and t(22) ⫽ 4.28, P ⬍ 0.0001, respectively). In the left
superior temporal cortex, however, signiﬁcantly stronger brain
activity was seen for native English speakers than for Chinese
(t(22) ⫽ 6.28, P ⬍ 0.0001 compared to Chinese readers’ processing of Chinese characters, and t(22) ⫽ 6.29, P ⬍ 0.0001, compared
to Chinese readers’ processing of English words). Similarly, native
English readers also showed greater activation in the left inferior
prefrontal gyrus (t(22) ⫽ 2.92, P ⬍ 0.008 compared to Chinese
readers’ processing of Chinese characters, and t(22) ⫽ 3.17, P
⬍ 0.004, compared to Chinese readers’ processing of English
words). Activation difference between phonological processes of
Chinese and English for our bilingual subjects was not statistically
signiﬁcant in the aforementioned brain regions. No other cortical
areas showed a signiﬁcant difference between Chinese and English
readers. Black bars, Chinese rhyme decision; hatched bars, English
rhyme decision by Chinese; open bars, English rhyme decision by
native readers.
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DISCUSSION
Previous brain mapping research has commonly
implicated left mid-superior temporal gyri [Booth et
al., 2002; Petersen et al., 1988; Simos et al., 2000; Xu et
al., 2001] and left posterior portion of inferior frontal
cortex [Bookheimer et al., 1995; Fiez et al., 1999; Fiez
and Petersen, 1998; Poldrack et al., 2001; Xu et al.,
2001] in phonological processing of alphabetic words
by English monolinguals, with left mid-superior temporal regions more speciﬁcally identiﬁed as being responsible for ﬁne-grained phonemic analysis [Simos et
al., 2000, 2002]. The results of our Experiment 2 with
native English speakers provide a perfect replication
of these ﬁndings. Our data revealed that phonemic
processing of English words as mediated by letter-tosound conversions occurs obligatorily and may dominate over syllabic level phonological processing in
native speakers.
Our results with Chinese logographs suggest an
important segregation of cortical representations of
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phonological information for Chinese and native English speakers. Phonological analysis in Chinese
peaked in left middle frontal cortex, with a much
weaker involvement of inferior frontal gyri. As left
middle lateral frontal cortex is known to mediate spatial information storage and spatial working memory
as a central executive system responsible for coordination of cognitive resources [e.g., Courtney et al.,
1998; D’Esposito et al., 1995; Petrides et al., 1993; Wilson et al., 1993], we assume that the extremely strong
activation seen in these areas in reading Chinese is
associated with the coordination of the phonological
processing of the Chinese logographs that was explicitly required by the experimental task and the elaborated analyses of the visual–spatial locations of the
strokes in a logograph that was demanded by its
unique square conﬁguration. In other words, the cortical organization of phonological knowledge of written words reﬂects associations with visual features
and associations with linguistic attributes (e.g., orthographic). This hypothesis of phonological organization is parallel to the sensory-motor hypothesis of
semantic systems [Allport, 1985; Chao et al., 1999;
Damasio et al., 1996; Martin et al., 1996; see Bookheimer, 2002, for review]. Previous imaging data from
semantic judgments and word generation of logographs also implicated these regions in coordination
and integration of linguistic and visuo-spatial analyses [Kuo et al., 2001; Tan et al., 2000, 2001] though
these areas are not activated in passive viewing tasks
[Chen et al., 2002; Fu et al., 2002].
The inactivity of left mid-superior temporal cortex
in phonological processing of Chinese is attributable
to the monosyllabic nature of written characters that
does not call for automatic phonemic analysis. Our
present ﬁnding that phonological analysis was subserved by left inferior parietal cortex corroborated the
role of visuo-spatial processing in reading Chinese.
Equally important is our discovery of the high similarity of neural networks involved in phonological
analysis of L1 and L2 words. One might expect that, as
English words are linearly constructed and follow the
letter-to-sound conversion rules that require elaborated phonemic processing, the left mid-superior temporal gyrus would be active. Indeed, our second fMRI
experiment with native English users did ﬁnd the
peak activity of left inferior frontal and superior temporal gyri in phonological processing. Our failure to
show activation in the mid-superior temporal gyrus
when Chinese–English bilinguals processed English
words phonologically is thus not due to inadequate
power to detect the activation. Rather, it suggests that
the processing of L1 phonology (where logographic
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characters are pronounced monosyllabically) carries
over to L2 processing. Clearly, our Chinese subjects
were applying the strategy of processing Chinese to
processing English words. They did not automatically
use the letter-to-sound conversion rules to pronounce
English words. Collectively, our current fMRI experiments have produced the most compelling data in
support of the hypothesis that language experience
tunes the cortex [Fiez, 2000; Neville et al., 1998].
In conclusion, the nature of the Chinese writing
system that logographs do not map onto phonemes is
supposed to be responsible for the indolence of the
letter–sound conversion route in Chinese–English bilinguals’ computational processing of phonological information of English words. Although Chinese readers learn pinyin (an alphabetic system that is used to
aid the learning of character pronunciation) for two
months prior to learning characters in primary school
in China, their exposure to the pinyin system is short
and does not help the development of phonemic processing of English words [Siok and Fletcher, 2001].
Our brain mapping studies lend strong support to the
prominent theory that reading involves language-speciﬁc neurocognitive systems in which L2 reading is
shaped by L1 for bilinguals.
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