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Different activation loci have been reported for language processing in

unilingual Chinese and unilingual English participants, as well as in

bilingual readers of English and French, two alphabetic languages.

Nevertheless, the extant imaging work on Mandarin–English bilin-

guals favors common neural substrates for English and Chinese,

languages with contrasting oral and written forms. We investigated the

phonological processes in reading for English–Chinese biscriptals

using a homophone matching task with parallel behavioral (n = 28) and

fMRI (n = 6) experiments. Unlike previous reports, we observed

distinct regions of activation for Mandarin in the left and right frontal

lobes, the left temporal lobe, and the right occipital lobe, plus distinct

regions of activation for English bilaterally in both the frontal and

parietal lobes. The implications of these novel findings are discussed

with reference to language representation in bilinguals.

D 2005 Elsevier Inc. All rights reserved.

Introduction

Imaging research with healthy bilinguals has focused on trying

to elucidate whether similar, or spatially segregated, neural

substrates subserve two languages (see Vaid and Hull, 2002 for a

review). While some studies provide evidence for anatomically

separate mental lexicons (e.g., Dehaene et al., 1997, on English–

French bilinguals; Kim et al., 1997, on English–French bilinguals;

Yetkin et al., 1996, on a variety of English-knowing bilinguals),

others have shown common regions of activation for both languages

(e.g., Illes et al., 1999, on English–French bilinguals). To date,

neuroimaging experiments involving English–Chinese bilinguals

favor the view that English and Mandarin have common neural

substrates (Chee et al., 1999a,b, 2000; Klein et al., 1999; Lee et al.,

2004). This is rather surprising because English andMandarin differ

markedly in at least two levels of language processing. First, at the

orthographic level, the scripts of English and Mandarin are visually
1053-8119/$ - see front matter D 2005 Elsevier Inc. All rights reserved.

doi:10.1016/j.neuroimage.2005.06.057

* Corresponding author. Fax: +65 67926559.

E-mail address: asjagath@ntu.edu.sg (J.C. Rajapakse).

Available online on ScienceDirect (www.sciencedirect.com).
distinct and derive from different types of writing systems,

alphabetic and logographic, respectively. Second, at the phonolog-

ical level, Mandarin is a morpho-syllabic tonal language while

English is not. This means that, when readers are asked to match

pairs of stimuli for phonology, lexical tone as well as syllable

phonology must be addressed or computed for Chinese characters.

In this paper, we describe parallel behavioral and fMRI experi-

ments with skilled bilingual biscriptals, designed to investigate

whether this expected disparity for phonological processing in English

and Mandarin results in differential activation at the neural level.

Neuroanatomical representation of English phonology

Phonological processing has been studied with tasks that require

the perception and evaluation of the sound structure of words and

letters (Joseph et al., 2001). These have included rhyme judgements

(e.g., Paulesu et al., 1996; Petersen et al., 1989; Pugh et al., 1996;

Sergent et al., 1992), passive word listening (e.g., Binder et al.,

1994; Price et al., 1996; Warburton et al., 1996), phonological

monitoring (e.g., Demonet et al., 1992, 1994), and nonword reading

(e.g., Herbster et al., 1997; Rumsey et al., 1997). The activation loci

observed when unilinguals perform these phonological tasks vary

considerably because a wide range of experimental paradigms have

been employed. Nevertheless, the brain regions frequently reported

include the left inferior frontal gyrus (BA 44, 45) (e.g., Herbster et

al., 1997; Paulesu et al., 1993; Rumsey et al., 1997; Sergent et al.,

1992; Zatorre et al., 1992), the inferior parietal regions, such as the

supramarginal gyrus (BA 40) and the angular gyrus (BA 39), (e.g.,

Demonet et al., 1994; Paulesu et al., 1993; Petersen et al., 1988;

Rumsey et al., 1997; Zatorre et al., 1992), as well as the left superior

temporal lobe (e.g., Demonet et al., 1992; Fiez et al., 1995; Paulesu

et al., 1996; Pugh et al., 1996; Sergent et al., 1992).

Neuroanatomical representation of Mandarin phonology

There is much less work on the neuroanatomical representation

of Mandarin phonology, but two papers are relevant. First, Tan et al.
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(2001) used a homophone decision task to investigate the neural

correlates of Mandarin phonology in unilinguals. Relative to

fixation, the investigators reported peak activation in the left middle

frontal gyrus (BA 9) but other brain regions activated included the

bilateral infero-middle prefrontal cortex (BAs 44/45 and 47/10), left

medial prefrontal lobe (BA 11), bilateral precentral (motor) gyri

(BAs 4 and 6), bilateral superior parietal lobule (BA 7), left post-

central gyrus (BA 3), bilateral middle temporal lobes (BAs 21 and

22), and right precuneus (BA 39). In the occipital– temporal regions,

significant activations were observed bilaterally in the cuneus (BA

17/18), the extrastriate cortex covering the left inferior gyrus

(BA 18), and the right fusiform and lingual gyri (BAs 18 and 19).

Second, Klein et al. (2001) compared tone perception in native

Mandarin speakers with that of native English speakers by using

PET. Participants were scanned under two conditions: a silent resting

baseline and a tonal task involving discrimination of pitch patterns in

Mandarin. Although both groups showed common regions of

cerebral blood flow (CBF) increase, there were hemispheric differ-

ences between the two groups: CBF changes observed only for the

Mandarin speakers were all in the left hemisphere (ventromedial

orbital frontal cortex, frontopolar cortex, pre- and postcentral gyri,

inferior and superior parietal cortex, and in the lateral occipital–

temporal and middle occipital gyri), whereas CBF changes observed

only for the English speakers were in the right hemisphere

(ventrolateral frontal cortex, anterior orbitofrontal gyrus, lateral

orbital gyrus, cingulate region, and the superior temporal gyrus).

Furthermore, only the native English speakers showed activity in the

right inferior frontal cortex. Klein et al. suggested that the left

lateralization for Mandarin might be explained by the fact that tones

were meaningful only to the Mandarin speakers (see Hsieh et al.,

2001; Van Lancker and Fromkin, 1973 for similar results).

Neuroanatomical representation of English vs. Mandarin phonology

Previous research suggests that the brain regions activated by the

phonological processing of English words are located mainly in the

left hemisphere. More specifically, the left superior temporal regions

have been identified as subserving fine-grained phonemic analysis

(i.e., letter-to-sound conversion, see Simos et al., 2000; 2002). By

contrast, Tan et al. (2001) found bilateral activations in theMandarin

homophone decision task. The most notable difference was that a set

of right hemisphere cortical regions (i.e., the frontal pole (BA 10/

11), frontal operculum (BA 45/47), dorsolateral frontal gyrus (BA 9/

44), and the superior and inferior parietal lobules (BA 7, 39/40)) was

observed to mediate homophonic judgments. Tan et al. attributed

their results to memory processes. More specifically, they suggested

that the right prefrontal regions subserve episodic memory processes

whereby the spatial features of perceived objects are retrieved (see

also Haxby et al., 1996; Kapur, et al.,. 1995; Lepage et al., 2000;

Nyberg et al., 1996), while the right superior and inferior parietal

lobes subserve spatial working memory tasks (e.g., Courtney et al.,

1998; Haxby et al., 1995; Jonides et al., 1993; McCarthy et al.,

1994). Given that episodic memory retrieval refers to the ‘‘search,

access, and monitoring of stored information about experienced past

events, as well as to the sustained mental set underlying these

processes’’ (Cabeza and Nyberg, 2000, p. 26), Tan et al. went on to

argue that the right prefrontal and parietal regions might be involved

in perceiving the spatial locations of strokes in Chinese characters,

but for lexical tone, Mandarin readers recruit the left cortical areas,

while English readers recruit the right cortical regions for supra-

segmental (tone) information.
We expected differences in fMRI activation for English words

and Chinese characters related to phonological processing because

the oral and written forms of these two languages are well-

contrasted. The phonology for English words can be accessed

lexically or assembled non-lexically from the constituent graphemes

(letters and letter combinations), but, for Chinese characters, the

orthography–phonology relationship is at the morpheme level, and

lexical–semantic access is obligatory for correct tone identification.

Like Tan et al. (2001), we used a homophone matching task to

investigate aspects of phoneme/syllable and tone processing. This

task requires participants to judge if character pairs presented in

Mandarin have exactly the same phonology (same syllable/same

tone). As reading in Mandarin requires the additional processing of

tonal information, the Mandarin task might elicit more distinct and/

or greater cortical activation in some brain regions than English.
Methods

Participants

Volunteers were first screened behaviorally for language abilities

using the Language Background Questionnaire (Rickard Liow and

Poon, 1998) and a battery of paper and pencil language proficiency

tests. There were three criteria for inclusion in this study: (a)

minimum of 70% accuracy for language screening tests such as

pinyin transcription with tone assignment and lexical decision; (b)

right-handedness based on self-report; and (c) no known history of

neurological impairment. A total of 28 right-handed early bilinguals

(three males) aged 18 to 23 years, with exposure to Mandarin and

English before 5 years of age, met these criteria and took part in the

behavioral experiment. A subset of six (three males) of these

participants subsequently took part in the fMRI experiment.
Materials

It is virtually impossible to equate Chinese characters and

English words fully. Regional differences in pronunciation and

pedagogical methods also preclude an objective categorization of

Chinese characters (see Rickard Liow et al., 1999 for further

details). We decided to sample relatively high frequency stimuli for

each language and ensure a representative mix of words/characters.

English homophone matching (HM) task

The stimuli were selected from the PALPA battery (Kay et al.,

1992) and consisted of pairs of regular words (e.g., weigh–way),

exception words (e.g., bury–berry), and nonwords (e.g., zole–

zoal). The use of these three different pair types makes it more likely

that both the lexical route (exception and regular words) and the

non-lexical route (nonwords and regular words) would be activated

during processing. The Fno_ trials comprised of distractor pairs that

are not homophonic but matched closely to the target pairs.

Mandarin homophone matching (HM) task

We expected regularity to affect Chinese reading so the

phonology participants required for the experimental trials (24

same pairs and 24 different pairs) was only predictable for a few of

the 96 characters (3%). All the characters were relative high
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frequency (Loo, 1989 for local norms), making lexical–semantic

processing more likely. (See Appendix A for character pairs with

hanyu pinyin and phonetic radical phonology.)
Fig. 1. Diagrammatic representation of the experimental paradigm in each

run. Alternating blocks of fixation (F) and stimuli (S), each lasting 30 s,

were presented.
Procedures

The procedures for the behavioral and fMRI experiments were

kept as similar as possible. Each participant gave informed consent

and received token payment upon completion of each experiment.

Behavioral experiment

The fMRI participants were a subset of the participants for the

behavioral experiment, so we ensured a minimum gap of 2 weeks

between the two phases to limit practice effects. In both the

behavioral and fMRI experiments, trials were blocked by language,

but order of language (Mandarin or English) was counterbalanced

across participants. All stimuli were typed in black (words in lower

case) and centrally presented on a white screen (subtended angle:

2- at 40 cm). For both experiments and both languages, a practice

block of 10 stimulus trials was followed by 4 blocks of 15 trials

with each stimulus lasting 1975 ms. For each language, half the

trials were ‘‘yes’’, and no performance feedback was given.

fMRI experiment

Imaging was performed on a 1.5 T whole-body magnetic

resonance imaging (MRI) scanner (Siemens Vision; Erlangen,

Germany). Prior to imaging, participants were briefed on the

scanning procedures and experimental conditions so as to minimize

anxiety and enhance performance. Participants were asked to lie

supine inside the MRI scanner with their heads inside a standard

head coil. Head movement was minimized within the coil using

foam wedges, and a restraining band was placed across the

forehead. Participants were also fitted with headphones (MSIi,

Tampa, Florida) that attenuated ambient scanner noise by 30 dB and

provided a means of conveying the experimenter’s instructions.

The presentation of written words and characters was controlled

by Eprime software running on an IBM-compatible computer

located outside the scanning room. Using a block design, each run

consisted of four periods of the same language task (i.e., activation

condition with homophone task), interleaved with four periods of

fixation (i.e., baseline condition with fixation ‘‘+’’, presented for 30 s

(see Fig. 1).

All stimuli were back-projected via a high-resolution LCD

projector (MSIi, Tampa, Florida) onto an opaque screen positioned

at the head end of the bore, with an especially designed mirror

mounted on the head coil for viewing. For the activation periods,

participants were asked to respond to the words and characters by

pressing ‘‘yes’’ (right hand) if the stimuli sound alike or ‘‘no’’ (left

hand) if the stimuli sound different. For the fixation (baseline)

periods, participants were instructed to focus their entire attention

on a fixation point (F+_ sign) shown on the middle of the screen.

MRI image acquisition

Tri-planar scout images in the sagittal plane and T1-weighted

3D coronal anatomical images (MPRAGE sequence) were acquired

(TR = 9.7 ms, TE = 4.0 ms, FOV = 240� 240 mm, matrix = 256 �
256, thickness = 1.0 mm, voxel size = 0.94 � 0.94 � 1.00 mm).
These high-resolution images of the entire brain served as structural

scans for Talairach transformation. Functional images were then

obtained with a T2*-weighted gradient echo, echo planar imaging

(EPI sequence, 10 contiguous oblique axial 8 mm slices, TR/TE/h =

3000 ms/66 ms/90-, FOV = 190� 190 mm and acquisition matrix =

128 � 128, voxel size = 1.5 � 1.5 � 8.0 mm) with blood oxygen

level-dependent (BOLD) contrast. For each of 10 slices, 800 images

were acquired in 237 s with a 1 s cue, i.e., ‘‘!’’, prior to the first trial.

fMRI and statistical analyses

The fMRI data were analyzed using the Statistical Parametric

Mapping (SPM2) software developed by Friston et al., (1995a). The

first five scans (15 s) in each session (during which magnetization

steady state was being reached) were excluded from the data

analysis. All functional images were first corrected for movement

using least-squares minimization (Friston et al., 1995b) and then co-

registered to the subjects 3D T1-weighted image. Using the 3D

image as a guide, the functional images were subsequently spatially

normalized into the SPM standard space. Images were then re-

sampled every 2 mm using sinc interpolation and smoothed with a

FHWM 10 mm, 3D Gaussian kernel to decrease spatial noise.

Changes in blood oxygenation level-dependent (BOLD) con-

trast associated with the performance of the reading tasks were

assessed on a pixel-by-pixel basis, using the general linear model

(Friston et al., 1995a,b) and the theory of Gaussian fields (Worsley

and Friston, 1995) as implemented in SPM2. This method takes

advantage of multivariate regression analysis and corrects for

temporal and spatial autocorrelations in the fMRI data. Group

analyses were investigated using fixed-effect analysis (FFX)

(recommended by Friston et al., 1999a), which infers ‘‘typical’’

characteristics about the sample of participants. Each language

effect was tested by applying appropriate linear contrast, and

significant hemodynamic changes for each contrast were assessed

using the t statistical parametric maps. We report activations below

a threshold of P < 0.05 corrected for multiple comparison using

false discovery rate (FDR) (Genovese et al., 2002).

To identify the locations of the significant activations, we

referred to the single-subject MRI anatomical atlas developed by

the ICBM consortium (see http://www.loni.ucla.edu/ICBM). We

normalized the pre-labeled high-resolution (0.5 mm isotropic) atlas

using the same transformation as our MR images and from this we

inferred the MNI coordinates and the region labels. Talairach

coordinates are not given, but interested readers can estimate these

using routines developed by Matthew Brett (http://www.mrc-

cbu.cam.ac.uk/Imaging/Common/mnispace.shtml).
Results

Behavioral experiment

The reaction times (RTs) for correct responses and the error

rates (%) for the main behavioral experiment (N = 28),
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including the subset of 6 fMRI participants, were English: M =

1308.66 ms (SD = 105.5), 15.12% (SD = 5.27); Mandarin: M =

1589.76 ms, SD = 193.08, 21.28%. The equivalent mean values

for the subset of fMRI (n = 6) participants were comparable,

English: M = 1259.24 ms, 13.61%; Mandarin: M = 1644.35 ms,

24.65%, and well above chance. Response times for the

Mandarin task were significantly longer than those for the

English homophone judgment [t27 = 7.94, Padjusted < 0.05], and

participants also made more errors for Mandarin [t27 = 3.58,

Padjusted < 0.05].

fMRI experiment

As predicted, distinct and common brain regions were

activated during the English and Mandarin HM tasks (see Table

1 and Figs. 2–5).

Note that the common brain regions activated by both

tasks included the left inferior frontal gyrus (BA 46) and left

inferior occipital gyrus (BAs 17 and 18). However, in view

of the previous work suggesting no differences between

Chinese and English, the aim of our study was to identify

any distinct areas of activation. For the Mandarin task,

distinct brain regions were observed in the medial frontal

gyrus, anterior cingulate cortex (BA 32), fusiform gyrus (BA

37), and lateral cerebellum in the left hemisphere, and the

superior frontal gyrus (BA 8), anterior cingulate cortex (BA

32), inferior occipital gyrus (BA 19), and cuneus (BA 17) in

the right hemisphere. For the English task, distinct brain

regions were observed in the primary motor cortex (BA 4)

and supramarginal gyrus (BA 40) of the left hemisphere, and

in the primary motor cortex (BA 4), middle frontal gyrus

(BA 9), supramarginal gyrus (BA 40) and medial cerebellum

of the right hemisphere.
Table 1

Brain regions showing a significant BOLD signal for English and Mandarin HM

Brain region English

MNI coordinates

Frontal lobe

Left hemi PMC (BA 4) (�48,8,34)

IFG (BA 46) (�40,28,24)

MedFG (�40,28,24)

ACC (BA 32) –

Right hemi PMC (BA 4) (44,8,30)

SFG (BA 8) –

MFG (BA 9) (40,32,28)

ACC (BA 32) –

Parietal lobe

Left hemi SMG( BA 40) (�30,�62,44)

Right hemi SMG (BA 40) (42,�54,44)

Temporal lobe

Left hemi FG (BA 37) (�28,�82,�14)

Occipital lobe

Left hemi IOG (BA 17 and 18) (�30,�90,�4)

Right hemi Cuneus (BA 17) (14,�76,14)

IOG (BA 19) (26,�88,�4)

Note. (1) Numbers in parentheses refer to approximate Brodmann’s areas. Brain

uncorrected) are expressed in millimeters as MNI coordinates. (2) Brain regions—

gyrus (MFG); medial frontal gyrus (MedFG); inferior frontal gyrus (IFG); anterior

(IPG); supramarginal gyrus (SMG); fusiform gyrus (FG); middle occipital gyrus (M

the FDR correction for multiple comparisons at a significance level of P < 0.05.
Discussion

Although the oral and written forms of English and Mandarin

differ markedly, previous imaging research involving English–

Chinese bilinguals suggests that common brain areas subserve

the two languages. We investigated the phonological processing

of skilled English–Chinese bilingual biscriptals by using a

homophone matching task and equivalent behavioral (N = 28)

and fMRI (n = 6) experiments. Like Chee et al. (1999a,b), we

found evidence of common brain regions for Mandarin and

English in our bilingual participants but only in the left

hemisphere–inferior frontal gyrus (BA 46) and left inferior

occipital gyrus (BAs 17 and 18). More importantly, we found

several distinct areas of activation for both languages in both

hemispheres that have not been reported previously. Brain

regions activated only during the Mandarin homophone matching

task were found bilaterally in the frontal and occipital lobes, and

in the left temporal lobe, while those activated only during the

English homophone matching were found bilaterally in the frontal

and parietal lobes.

There are at least two explanations for our novel findings, and

they are not mutually exclusive. First, our task required a time-

paced overt manual response and may be more suitable for eliciting

language-specific activation for phonology. Chee et al.’s (1999b)

use of a covert stem completion task probably involved more

language-neutral attention or memory systems. Second, and more

importantly, our participants were all early bilinguals, who had

been carefully screened with objective measures of language

proficiency in Mandarin and English.

In our fMRI experiment, averaging over a small homogenous

group of participants seems to have resulted in greater sensitivity

and hence new evidence of several distinct regions of activation

related to language-specific processes. To make correct homo-
tasks relative to fixation (language-specific distinct regions in bold)

Mandarin

P value MNI coordinates P value

<0.001 (�44,10,36) 0.023*

<0.001 (�30,40,8) <0.001

0.010* (�42,32,38) <0.001

– (�4,16,40) 0.007

<0.001 (44,4,34) 0.019*

– (12,10,50) 0.001

0.001 (36,38,12) 0.026*

– (12,18,38) 0.001

<0.001 (�46,�38,32) 0.026*

0.001 (40,�40,28) 0.025*

0.010* (�44,�62,�14) <0.001

<0.001 (�42,�84,2) <0.001

0.040* (22,�92,�6) <0.001

0.010* (48,�70,�8) 0.001

regions showing peak activations from clusters of �15 voxels ( P < 0.05,

primary motor cortex (PMC); superior frontal gyrus (SFG); middle frontal

cingulate gyrus (ACC); superior parietal gyrus (SPG); inferior parietal gyrus

OG); inferior occipital gyrus (IOG). (3) * denotes values that did not pass
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phone judgments in Mandarin, participants must match syllable

and lexical tone. The results of the behavioral experiment

confirmed that the Mandarin version of the task is more cognitively

demanding than the English version, that is, there were signifi-

cantly longer response times and more errors. One plausible

explanation for the extra processing load is that matching lexical

tone in working memory involves semantic access for Chinese

characters, but not for English words. However, from Table 1, it

seems clear that there are several candidate loci for lexical tone

representation: left or right frontal lobes or the left temporal lobe.

In other words, we did not find unequivocal support for left

lateralization of lexical tone reported in earlier PET studies (Hsieh

et al., 2001; Klein et al., 2001) because two of the distinct loci for

Mandarin are within the right frontal lobe. To be more exact, our

results suggest that the match/no match decision for both languages
is based on a range of cognitive processes subserved by both

hemispheres, many of which do not overlap even in skilled

biscriptal bilinguals.

Given that our results are not consistent with earlier work on

comparable Mandarin–English bilinguals (i.e., Chee et al.,

1999a,b), we re-consider previous reports on both types of uni-

linguals. For unilingual English readers, the pattern of activation we

observed for the English homophone task is broadly consistent

except that we did not find the typical left superior temporal gyrus

activation. We also observed three additional loci in the right

hemisphere that are not usually reported for unilinguals: middle

frontal gyrus (BA 9), pre-motor cortex (BA 4), and supramarginal

gyrus (BA 40). These differences provide tentative support for the

view that English is less left-lateralized for these bilinguals

compared to unilinguals.
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For unilingual Mandarin readers, Tan et al. (2001) used a

similar experimental paradigm (homophone judgement relative to

fixation) and found peak activations in the left middle frontal gyrus
Fig. 4. Significant group activation patterns of the English HM task

rendered on the 3D model of a volunteer’s brain.
(BA 9). For our bilingual participants, in the left hemisphere,

distinct activation was found in the medial frontal gyrus, the

anterior cingulate cortex (BA 32), the fusiform gyrus (BA 37), and

lateral cerebellum, and in the right hemisphere, distinct activation
Fig. 5. Significant group activation patterns of the Chinese HM task

rendered on the 3D model of a volunteer’s brain.
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was found in the superior frontal gyrus (BAs 8 and 32), the anterior

cingulate cortex (BA 32), the inferior occipital gyrus (BA 19), and

the cuneus (BA 17). Unlike Tan et al., we found no evidence of

activation in the middle frontal gyrus (BA 9), right infero-middle

prefrontal cortex, bilateral pre-motor cortex, left medial prefrontal

lobe (BA 11), bilateral middle and superior temporal gyri (BA 21

and 22), bilateral superior parietal gyrus, right angular gyrus (BA

39), left postcentral gyrus (BA 3), or left cuneus. Although the

activation patterns for our early English–Chinese bilinguals show

some overlap with earlier work on respective unilinguals, there are

also some notable differences. At this stage, it seems premature to

speculate further about neural substrates for specific processes, but

for both languages, participants appear to recruit a range of distinct

cognitive components for phonological matching. Instead, we will

conclude by drawing attention to three methodological caveats that

should be addressed in future work with Chinese–English

biscriptals. First, the inclusion of unilingual controls alongside

early bilinguals would facilitate better understanding of any

differences in their language representation, especially with respect

to lateralization. Second, the results of our behavioral experiment

revealed significant differences in performance across the two

languages in terms of response latencies and error rates. Mandarin

homophone matching takes longer than English homophone

matching and is more prone to errors. The direction of the

difference is consistent with the idea that our biscriptal readers

found that phonological processing in Mandarin is more cogni-

tively demanding than in English (see also Perfetti and Tan, 1998).

Neural activation is modulated by task demands (Raichle, 1987),

but these could not be equated at the design stage because the
languages are so different. Finally, although our sample size of six

fMRI participants was small, we were able to find significant

differences in activation loci for the two languages. It seems that a

small homogenous group can suffice, provided it is truly

representative of the population and an overt response is required.

We ensured this by conducting a parallel behavioral experiment

and carefully screening all participants for language proficiency.

In conclusion, a number of distinct brain regions were activated

by both English words and Chinese characters when early bilingual

biscriptal readers performed a homophone matching task with

concurrent fMRI. Phonological processing in English and Man-

darin requires the interaction and collaboration of a number of

brain regions in both hemispheres, many of which do not overlap

even in skilled bilinguals.
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Appendix A. Mandarin homophone matching task

NP = no identifiable phonetic radical therefore phonology is

unpredictable.
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