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Semantic judgment of Chinese–Japanese bilinguals:
a near-infrared spectroscopy study
Misato Oia, Hirofumi Saitoa, Hiroshi Itob and Paul L. Rummea

We used functional near-infrared spectroscopy to

investigate the role of the dorsolateral prefrontal cortex

of bilinguals in semantic processing. Chinese–Japanese

bilinguals and Japanese monolinguals judged if visually

presented pairings of a word and a definition were

Japanese. The four types of pairs appeared in Japanese

and/or Chinese dictionaries: both, Japanese-specific,

Chinese-specific, and neither. The bilinguals showed

greater oxy-hemoglobin concentrations in their left

dorsolateral prefrontal cortex for the Chinese-specific pair,

while those in its right homologue were greater for the

Japanese-specific, the Chinese-specific, and the neither

pairs. These results imply that in the bilinguals, the left

dorsolateral prefrontal cortex is related to reducing

activation of semantic information in the nontarget

language, while its right homologue focuses attention

on the target language. NeuroReport 21:127–131 �c 2010

Wolters Kluwer Health | Lippincott Williams & Wilkins.
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Introduction
While processing one language (target language), bilin-

guals need to prevent interference from the other (non-

target language) [1]. Some studies investigated which

brain areas in bilinguals are involved in reducing cross-

language interference and maintaining attention focused

on the target language [2–5].

Two studies have reported that the left prefrontal cortex

of bilinguals may be involved in reducing nontarget lan-

guage interference [2,3]. For instance, Rodriguez-Fornells

et al. [3] asked Spanish–Catalan bilinguals and Spanish

monolinguals to press a button (go response) for Spanish

words and to withhold (no-go) response for either Catalan

or pseudo-words in a functional magnetic resonance

imaging study. The bilinguals showed greater activations

than that of the monolinguals in the left planum temporale

[Brodmann area (BA) 22/42] and the left posterior inferior

frontal cortex (BA 44) for both the go and the no-go

responses, while in the left prefrontal region (BA 45/9), the

activation differences between the two groups were

observed for the no-go responses.

Rodriguez-Fornells et al. [3] interpreted these results as

indicating that the bilinguals used graphemic-phonologi-

cal spelling rules of the Spanish language, reflecting

greater activation of the left posterior inferior frontal

cortex and the left planum temporale, and inhibited the

direct lexical access route from orthography to the lexicon

of nontarget words, reflecting the greater activation of the

left prefrontal region.

However, Grosjean et al. [1] and Kovelman et al. [6] point-

ed out some limitations of Rodriguez-Fornells et al. [3]

that the observed left prefrontal region activation could

be related to reducing activation of the words in the

nontarget language rather than ‘rejection’ [1], and to the

switching and inhibition nature of the go/no-go task used

in their experiment [6].

Using functional near-infrared spectroscopy (fNIRS),

Kovelman et al. [6] observed that bilingual participants

showed significantly higher levels of activation than that

of monolinguals in bilateral inferior frontal (BA 47/11)

and bilateral dorsolateral prefrontal (BA 46/9) cortex

during a semantic judgment task. They suggested that

these results are likely because of differences in the

verbal working memory and attention resources required

for dual language processing by the bilinguals, such as

selective attention allocation between competing lin-

guistic information. However, they noted the possibility

that an overall greater effort exerted by the bilinguals may

lead to the activation difference between the two groups.

These controversial results on the function of the

dorsolateral prefrontal cortex in language processing of

bilinguals [3,6] may be derived from materials (phono-

logical processing oriented alphabetical scripts) and task

demands (no-go biased response) used in the earlier

studies. To test the generality of the claims of Rodriguez-

Fornells et al. [3] and Kovelman et al. [6], we compared

brain activity of Chinese–Japanese bilinguals and Japa-

nese monolinguals during a word-definition judgment

task [7] in which participants were asked to judge if they

know a visually presented pair of a two-kanji word and

a phrase (definition) as Japanese. The words consisted

of ‘cognates’ that are identical in orthographic form and
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overlap in meanings in two languages and ‘interlingual

homographs’ that are identical across-languages with

respect to their orthography but not their meaning [8].

The stimulus pairs were categorized into four types

according to whether the pair was listed in a Japanese

and/or a Chinese dictionary. ‘Shared’ pairs are included in

both the Japanese and the Chinese dictionary (e.g. word

‘ ’ and definition ‘term’). ‘Japanese-specific’ and

‘Chinese-specific’ pairs are listed in the Chinese or the

Japanese dictionary only (e.g. Japanese-specific: word

‘ ’ and definition ‘steam locomotive’; Chinese-

specific: word ‘ ’ and definition ‘automobile’).

‘Unrelated’ pairs were made by pairing words and

definitions that were randomly selected from the

dictionaries (e.g. word ‘ ’ and definition ‘scene

of moving cloud or fog’). The appropriate response for

the shared and the Japanese-specific pairs were ‘yes

(known)’, while that for the Chinese-specific and the

unrelated ones was ‘no (unknown)’.

To examine the role of dorsolateral prefrontal cortex in

language processing by bilinguals, we tested the following

three hypotheses. First, according to Rodriguez-Fornells

et al. [3], the left dorsolateral prefrontal cortex is related

to reducing interference from the nontarget language.

Second, according to Kovelman et al. [6], the bilateral

dorsolateral prefrontal cortex is related to working

memory for keeping attention on the target language.

Third, according to a combination of these two, the left

dorsolateral prefrontal cortex is related to the reducing

interference from the nontarget language, while the right

is related to keeping attention on the target language.

Hereafter, we call the third as the hybrid hypothesis.

We focused on the different functions of the left and

right dorsolateral prefrontal cortex. If the higher activa-

tions in the bilinguals are observed in the left dorsolateral

prefrontal cortex for correct rejections uniquely to the

Chinese-specific pairs, while those in its right homologue

were greater for the four types of the stimulus pairs, then

the hybrid hypothesis would be supported. It is important

to note that the confirmation of asymmetric results of the

hybrid hypothesis based on bilateral asymmetry in this study

rules out ‘the possibility of an overall greater effort

exerted by bilinguals’ pointed out by Kovelman et al. [6].

We measured brain activities using a noninvasive neuro-

imaging method fNIRS, which allows in vivo monitoring

of cortical hemodynamic responses by near-infrared light

emitted from the optodes placed on a person’s head

[9,10]. We will discuss exclusively the dorsolateral pre-

frontal cortex in the results and the discussion sections.

Methods
Participants

Twelve right-handed Chinese–Japanese bilinguals (one

male, 11 females, mean age: 25.4, range: 23–29 years) and

12 right-handed Japanese monolinguals (six males, six

females, mean age: 19.1, range: 18–21 years) participated

in the present experiment. All participants were students

at Nagoya University. All bilinguals acquired Chinese

as their first language and began learning Japanese as a

second language after the age of 12. Informed consent

was obtained from all participants before participation in

the study.

Materials and design

The two kanji character words (cognates and interlingual

homographs) and their definitions were used. The cog-

nates and interlingual homographs were matched in lexical

frequency across conditions. The experimental materials

consisted of 36 cognates, 36 interlingual homographs, and

their definitions. Half of the 36 cognates were presented

with the shared definitions, and the other half were

presented with the unrelated definitions. Half of the

36 interlingual homographs were presented with the

Japanese-specific definitions, while the other half were

presented with the Chinese-specific definitions.

Procedure

The participants were tested individually. Each trial

started with the presentation of a black fixation point

( + ) on a white background for 1s, and then a word and

a definition were presented until the participants

responded. The fixation point and the word were

displayed at the center of a screen. The definition was

displayed below the word.

In the word-definition judgment task, the participants

were asked to press one button if they knew the phrase

was legitimate in Japanese as a definition of the word

and to press another button if they did not know that.

After responding, the inter trial interval was 11s. Before

beginning the experimental trials, each participant

completed 10 practice trials. The experimental session

lasted approximately 30 min.

Near-infrared spectroscopy data acquisition

A 48-channel fNIRS unit (OMM-3000, Shimadzu, Japan)

was used to measure the temporal changes in the concen-

tration of oxygenated hemoglobin (Coxy-Hb), deoxygena-

ted hemoglobin, and total hemoglobin. Sixteen optodes

were placed on the bilateral temporal regions in a lattice

pattern to form 24 channels for each region (area of

9� 9 cm2). The middle channels in the lowest line were

located at the T3 and T4 positions, respectively

(according to the International 10–20 system for electro-

encephalogram recording). Each channel consisted of an

emitter optode and a detector optode, which was located

3 cm away from the emitter optode. The sampling rate for

each channel was 130 ms.

We focused on the changes in the Coxy-Hb during

the word-definition judgment task since oxy-Hb is the

most sensitive parameter of the regional cerebral blood
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flow [9,11]. The average change in the Coxy-Hb in a

measurement period was calculated for each channel.

The measurement periods consisted of a pretask (1s),

the presentation of the fixation (1s), the test (approxi-

mately 5 s), and the posttask (divided into two periods;

2� 3 s = 6 s).

The raw data from fNIRS are all originally relative values

and hence cannot be averaged directly across the partici-

pants or channels. To address this aspect, raw data were

converted to z-scores for analysis [12]. The raw data of

Coxy-Hb in response to the word-definition judgment

task in each trial and for each channel were converted

into their corresponding z-scores. The z-scores were cal-

culated using the mean value and the standard deviation

of the changes in Coxy-Hb during the pretask period. The

z-scores were then averaged over the trials. Thus, we

obtained the group-averaged z-scores for each pair.

Results
Behavioral results

Figure 1 shows the mean hit responses and false-positive

responses for each pair. In order to compare the responses

of the bilinguals and the monolinguals, we separately

conducted 2-way analyses of variance of the hit responses

and the false-positive responses, with the participant

group (bilingual and monolingual) as the between-partici-

pants factor, and the stimulus pair type (Japanese-specific

and shared, or Chinese-specific and unrelated) as the

within participants factor.

An analysis of the hit responses showed significant main

effects of both factors {participant group: [F(1,22)=6.40,

P < 0.05], and stimulus pair type: [F(1,22)=14.04,

P < 0.01)]} and the interaction between the participant

group and the stimulus pair type [F(1,22)=6.95, P <

0.05]. Post-hoc analysis (simple main effect tests)

revealed that the bilinguals showed significantly fewer

hit responses than the monolinguals for the Japanese-

specific pairs (P < 0.001). In contrast, no significant

difference was obtained between the participant groups

for the shared pairs.

An analysis of the false-positive responses showed

significant main effects of both factors {participant group:

[F(1,22)=5.47, P < 0.05], and stimulus pair type:

[F(1,22)=194.00, P < 0.01]}. The interaction between

the participant group and the stimulus pair type was

not significant [F(1,22)=2.97, P=0.10]. The bilinguals

showed significantly more false-positive responses than

the monolinguals for the Chinese-specific and the un-

related pairs (P < 0.05). These results indicate that

proficiency in Japanese of the bilinguals was lower than

that of the monolinguals.

Imaging results

NIRS data was analyzed on the experimental results

associated with correct (i.e. hit and correct rejection)

responses. On the basis of the 3-dimensional probabilistic

anatomical craniocerebral correlation [13], T3 and T4

were projected onto the left and right middle temporal

gyri. Therefore, we presumed that the left channels 11,

12, 15, 18, 19 and their counterparts over the right (chan-

nels 37, 38, 41, 44, 45) approximately cover the dorso-

lateral prefrontal region (BA 45/46/9).

The brain activity during post periods is composed of

a reading process that starts with presentation of a word

and a definition, and a subsequent word-definition judg-

ment process. Activity during the post 1 period would

reflect the reading process mainly, whereas activity during

the post 2 period would reflect the mixed processes of

reading and word-definition judgment. To compare the

brain activity corresponding to the bilingual and the

monolingual groups during the reading and mixed pro-

cesses, we separately conducted 2-way mixed design

analyses of variances for the z-scores for each pair and for

each channel.

In the reading process analysis, the measurement period

that included only post 1 period was treated as a within

participant factor (fixation, test, post 1), whereas in

the mixed process analysis, the measurement period

that included the reading process analysis and sub-

sequent post 2 period was treated as a within participant

factor (fixation, test, post 1, post 2). In both the rea-

ding process and mixed process analyses, participant

group (bilingual, monolingual) was treated as a between-

participant factor.

We focused on the channels that showed a significant

interaction between the participant group and the period,

because we hypothesized that the bilinguals would

show a higher activation than the monolinguals after

the fixation period. In all of those channels, post-hoc

comparisons (simple main effect tests) revealed that the

bilinguals showed significantly higher activation than the

monolinguals (P < 0.05).

The reading process analysis showed a significant inter-

action only in channel 19 that was presumably placed
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over the left dorsolateral prefrontal cortex, for correct

rejections to the Chinese-specific pairs [F(2,44)=5.24,

P < 0.001].

The mixed process analysis also showed a significant

interaction in channel 19 for correct rejections to the

Chinese-specific pairs [F(3,66)=5.49, P < 0.005]. Figure 2

shows the average time courses of the Coxy-Hb in

channel 19 for correct rejections to the Chinese-specific

pairs. Furthermore, significant interactions were found

in the channels that were presumably placed over the

right dorsolateral prefrontal cortex, for hit responses to

the Japanese-specific pairs, and for correct rejections to

the Chinese-specific and the unrelated pairs {Japanese-

specific: channels 37 and 41 [F(3,66)=3.67, P < 0.05;

F(3,66)=3.46, P < 0.05, respectively]; Chinese-specific:

channels 41 and 44 [F(3,66)=6.51, P < 0.001; F(3,66)=

6.51, P < 0.001, respectively]; Unrelated: channel 41

[F(3,66)=3.93, P < 0.01]}.

Discussion
The reading process analysis showed that the bilinguals

had significantly higher activation than the monolinguals

in the left dorsolateral prefrontal cortex for correct

rejections to the Chinese-specific pairs, but not to the

unrelated pairs. These results, obtained with nonalpha-

betical words and sentences in the word-definition

judgment task, prevent the claim by Kovelman et al. [6]

to the task nature (go/no-go) in Rodriguez-Fornells et al.
[3], and is consistent with Rodriguez-Fornells et al. [3]

using a lexical decision go/no-go task with alphabetical

words showing the higher activation of the left dorso-

lateral prefrontal cortex in the bilinguals. However, the

interpretation of inhibition of a direct lexical access route

presented by Rodriguez-Fornells et al. [3] would not be

appropriate for this study, because we used nonalpha-

betical words and sentences in the word-definition

judgment task, which requires semantic judgment.

The mixed process analysis showed that the bilinguals

had higher activation than the monolinguals in the

left dorsolateral prefrontal cortex uniquely for correct

rejections to the Chinese-specific pairs. In contrast, in

the right dorsolateral prefrontal cortex the bilinguals

showed higher activation than the monolinguals for

correct rejections to the Chinese-specific and the

unrelated pairs, and for hit responses to the Japanese-

specific pairs except for the shared pairs. The shared pairs

exist in both Japanese and Chinese, and the bilinguals

could respond ‘yes (known)’ to these pairs irrespective of

its language. This interpretation suggests that the

bilinguals were relatively free from paying rigid attention

to the target language (Japanese) when the shared pair

was presented. Therefore, these results in the right

dorsolateral prefrontal cortex partially support Kovelman

et al. [6] that the bilinguals focused attention on the

target language (Japanese) to match the task demand,

that is, to judge whether they know the pairings as

Japanese.

Taken together with the reading process and the mixed

process analyses, our results supported the hybrid hypothesis,
and ruled out the possibility that the activation differ-

ence between the two groups resulted from an overall

greater effort exerted by the bilinguals. We speculate that

the activity of the left dorsolateral prefrontal cortex of the

bilinguals may be involved in reducing activation of

semantic information in the nontarget language, while

its right homologue may relate to focusing attention on

the target language.

Based on the reading process analysis with post 1, the

significant difference between the two groups was uni-

quely observed in the left dorsolateral prefrontal cortex for

the Chinese-specific pairs. In contrast, the mixed process

analysis with post 1 and 2 showed the significant differ-

ences between the two groups in the left dorsolateral

prefrontal cortex for the Chinese-specific pairs, and in its

right homologue for the Chinese-specific, the unrelated,

and the Japanese-specific pairs. These results may indi-

cate that the left dorsolateral prefrontal cortex chrono-

logically functions faster than its right homologue. This

asymmetric function of the left and right dorsolateral

prefrontal cortex will be examined in a future experiment.

Conclusion
This study has shown that the bilinguals showed

significantly higher activity than the monolinguals in

the left dorsolateral prefrontal cortex uniquely for the

Chinese-specific pairs, while those in its right homologue

were greater for the Japanese-specific, the Chinese-

specific, and the unrelated pairs.
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