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Introduction 
1.1  Language information processing in the human brain 

Language, as an important part of cognitive neuroscience, is influenced by the 

socio-cultural background. Using functional magnetic resonance imaging (fMRI) or 

positron emission tomography (PET), much knowledge has been gained in 

understanding how the brain is activated during controlled experiments of language 

tasks in educated healthy subjects and in uneducated healthy subjects. While 

previous studies have compared performance between alphabetic subjects, few data 

were about logographic language-speaking individuals. 

 Languages are remarkable systems that allow people to communicate an 

unlimited combination of ideas using highly structured streams of sounds, written 

signs, and manual or facial gestures. One of the earliest known studies on language 

processing in the brain dates back to 1861, when Pierre Paul Broca, in a lesion study, 

found that the inferior part of left frontal lobe (which has since been named Broca’s 

area) was related to speech production. At almost the same time, Carl Wernicke 

found that a posterior region (now called Wernicke’s area) in the left hemisphere, an 

area in and around where the temporal and parietal lobes meet, was closed in 

relation to language comprehension. Broca’s and Wernicke’s works laid the 

foundation for later studies in the field of language processing in the human brain. 

Figure 1.1 illustrates the locations of Broca’s and Wernicke’s areas. 

 
Figure 1. 1. Language processing areas in the brain. Broca’s (B) and Wernicke’s 

(W) areas are circled. Broca’s area is associated with language production, while 

Wernicke’s area is related to language comprehension. 

 1



Chapter 1 Introduction 

  Over the last two decades, the development of neuroimaging techniques such as 

positron emission tomography (PET) and functional magnetic resonance imaging 

(fMRI) have revealed how many areas of the brain are related to language 

processing. In addition to Broca’s and Wernicke’s areas, studies have also related the 

supramarginal and parietal gyrus [1.1], motor cortex [1.2], angular gyrus [1.3], 

auditory cortex [1.4], somatosensory cortex [1.5], left temporal pole and 

inferotemporal cortex [1.6], left prefrontal cortex [1.7], and fusiform gyrus [1.8] to 

language processing, as shown in Figure 1.2. However, more detailed functions of 

logographic language processing by finer brain areas is unclear. 

  Lesion and neuroimaging studies have indicated that the bilateral inferior parietal 

lobe area, is particularly related to phonological and orthographic processing. 

However, the function of the inferior parietal lobe in spoken language perception 

remains unclear. This function is thus the main focus of this dissertation. Additional, 

we worked semantic and phonological proceｋssing with Japanese and Chinese 

subject. 

 
Figure 1. 2. Some language-related areas of the human brain. 

Brain areas related to language processing: AC, auditory cortex; AG, angular 

gyrus; B, Broca’ s area; FG, fusiform gyrus; It, inferior temporal cortex; LIFG, 

left inferior frontal gyrus; M, motor cortex; SMG, supramarginal gyrus; Ss, 

somatosensory cortex; TP, temporal pole; and W, Wernicke’ s area. 

1.2  Literate and illiterate   

  The acquisition of literacy over years of education is based on the development of 

elaborate links between vision and language. Illiterate is if they had never received 
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formal education and had no knowledge of reading or writing. Illiteracy for social 

reasons is still a common thing in some parts of the world, also in the old society of 

China. Illiterate subjects were included if they were unable to recognize any of the 

simple Chinese characters. The ability to write their names by themselves was not 

an exclusion criterion. 

1.3  Related studies with respect to language processing in the left 

inferior frontal gyrus and bilateral inferior parietal lobe 

  The main interest of this dissertation is the language processing function of the 

left inferior frontal gyrus and bilateral inferior parietal lobe area, which includes 

BA44/45/47 and part of BA6 and BA39/40, as shown in Figure 1.3 and Figure 1.4. 

Activation of the left inferior frontal gyrus has been detected during reading [1.9, 

1.10], rhyming [1.11], and syllable counting [1.7] as part of written stimuli 

processing, which has been related to articulatory planning [1.9] and 

grapheme-to-phoneme conversion (GPC) [1.8] based on the more extensive 

activation by nonsense words than by real words. Activation of the bilateral inferior 

parietal lobe has been detected during phonological and semantic processing [1.12]. 

  Recent studies using written stimuli [1.8, 1.13] have suggested functional 

segregation in which the dorsal part of the left inferior frontal gyrus is related to 

phonological processing and the ventral part is related to lexical or semantic 

processing, as illustrated in Figure 1.3. But about illiterate and literate subject, how 

activations in this regions. 

 

Figure 1. 3. Brain areas of interest in the present study. 

The areas mainly include BA6, BA44, BA45, and BA47, especially the parts in 

the left inferior frontal gyrus. BA, Brodmann area. 
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  Recent studies using various stimuli [1.14, 1.15, 1.16, 1.17] have suggested that 

the bilateral inferior parietal lobe is related to semantic and phonological processing, 

as illustrated in Figure 1.4. But about illiterate and literate subject, how activations 

in this regions is still unclear. 

 

Figure 1. 4. Brain areas of interest in the present study. 

The areas mainly include BA39and BA40, especially the parts in the left inferior   

frontal gyrus. BA, Brodmann area. 

 

 Japanese Kanji retain the orthographic architecture of Chinese characters, and each 

represents a lexical morpheme of spoken Japanese. Studies on brain lesions suggest 

that the processing of Kana (a phonetic-syllabic system used in writing Japanese) 

targets the dorsal stream(from the angular gyrus to Wernicke's area), whereas the 

processing of Kanji (the Japanese logographic system) mainly engages the ventral 

route (from the posterior inferior temporo-occipital area, PITOA, to Wernicke's area) 

of the left hemisphere [1.18]. This theory is supported by brain imaging studies [1.19, 

1.20, 1.21].  

  Our present study utilizes whole-brain 3T fMRI to observe brain response during 

simple visual comparison of paired Japanese phonological and semantic in Japanese 

group. We hypothesize that different activation patterns were observed between 

Japanese phonological and semantic processing. 

 Most previous studies have used alphabetic language stimuli, especially from the 

English alphabet [1.1, 1.11, 1.22-1.25], to explore language processing in the brain. 

Studies using other languages have revealed some interesting findings. For example, 

Siok and his colleagues, using written Chinese characters, found that the left middle 
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frontal cortex is related to syllable processing while the left inferior prefrontal cortex is 

related to phoneme processing [1.26]. Japanese differs from English in its use of kanji 

(based on Chinese characters) and kana (representing the syllabary). Some studies have 

examined kanji and kana processing using written stimuli [1.27, 1.28]; however, few 

studies have focused on semantic and phonological processing in spoken stimuli 

processing.  

 Previous studies on language processing within the left inferior frontal gyrus and 

bilateral inferior parietal lobe can thus be summarized as follows: 

1) Most previous studies have used the logographic nature of Chinese characters 

has a closer relationship between shape and meaning than alphabetical words. 

How education level affects the neural activation associated with logographic 

processing of Chinese characters remains unclear. 

2) Whether the left inferior frontal gyrus is lexically or semantically related during 

spoken stimuli perception in unknown. 

3) Most previous studies have used English or other alphabetic languages about 

illiterate and literate subject. However, fewer studies have used other languages 

such as Chinese with illiterate and literate subject. 

1.4 The aim of the dissertation 

 The main aim of this dissertation research was to investigate the logographic 

language processing mechanism in the brain between Chinese and Japanese. Also of 

interest was the identification of neural substrates related to Japanese kana and 

Chinese character processing. In order to achieve these aims, four related fMRI 

experiments were conducted. 

1.5  The contents of the dissertation 

 The dissertation contains descriptions of the four experiments and a general 

discussion briefly introduced below. 

 Chapter 2 introduces the first experiment, in which functional magnetic resonance 

imaging (fMRI) was used to measure the brain activities of subjects as they 

passively seen to Chinese character (language condition), simple figures (control 

condition), and crosshair (baseline condition). The three conditions all activated the 

widely distributed cerebral network, including the bilateral inferior, middle and 

superior frontal gyri, superior temporal gyrus and parietal lobe. Therefore, the 
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present results may indicate that education level effects the neural activation 

associated with the logographic processing of Chinese. 

 Chapter 3 describes the first experiment, too. Functional magnetic resonance 

imaging (fMRI) was used to measure the brain activities of subjects as they 

passively seen to Chinese character (language condition), simple figures (control 

condition), and crosshair (baseline condition). The blood oxygen level-dependent 

(BOLD) differences in pIFG were examined with general linear modeling (GLM). 

We found differences in reaction times and accuracy between subjects as they 

performed these tasks. These behavioral differences reflect the different cognitive 

demands of character form judgment for literate and illiterate individuals. The 

results showed differences in the BOLD response patterns in the pIFG between the 

two discrimination tasks and the two subject groups. A comparison of the character 

and figure tasks showed that literate and illiterate subjects had similar BOLD 

responses in the inferior frontal gyrus. However, differences in behavioral 

performance suggest that the pIFG plays a different role in Chinese character form 

judgment for each subject group. In literate subjects, the left pIFG mediated access 

to phonology in achieving Chinese character form judgment, whereas the right pIFG 

participated in the processing of the orthography of Chinese characters. In illiterate 

subjects, the bilateral frontal gyrus participated in the visual–spatial processing of 

Chinese characters to achieve form judgment. 

 Chapter 4 describes the second experiment, in which functional magnetic 

resonance imaging (fMRI) was used to measure the brain activities of subjects as 

they passively listened to Chinese character voice (language condition), simple pure 

tone (control condition). The subjects were required to press the right key with their 

right thumb when they discerned the two character voice or pure tone to be the same, 

and press the left key with their left thumb when they discerned them to be different, 

respectively. We found that the bilateral parietalis inferior parietal lobule is more 

active for illiterate than literate subjects in the Chinese character voice 

discrimination task. 

 Chapter 5 describes the third experiment, in which functional magnetic resonance 

imaging (fMRI) was used to measure the brain activities of subjects as they 

passively seen to Japanese phonological judgment and font size judgment. The 

subjects should press the right key with their right thumbs when they judged the two 

stimuli to be same, and press the left key with their left thumbs when they judged 
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them to be different. Different activation patterns were observed between 

phonological and orthographic processing. We conclude that constellation of neural 

substrates was different for phonological processing. 

 Chapter 6 describes the fourth experiment, , in which functional magnetic 

resonance imaging (fMRI) was used to measure the brain activities of subjects as 

they passively seen to Japanese semantic judgment and font size judgment. The 

subjects should press the right key with their right thumbs when they judged the two 

stimuli to be same, and press the left key with their left thumbs when they judged them 

to be different. Different activation patterns were observed between semantic and 

font size judgment processing. We conclude that constellation of neural substrates 

was different for semantic processing. 

 In Chapter 7, general conclusions of the dissertation and future challenges are put 

forward. 

 

 Finally, the appendices present topics related to the experiments, describing the 

principles of fMRI and a tool for fMRI experiment data processing: Statistical 

Parametric Mapping (SPM). 
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Chapter 2 

 

Prominent Activation of the Bilateral Inferior Parietal Cortex 

of Chinese Literate Compared with Illiterate Subjects during 

Language Processing 

 

Summary 
Chinese is a logographic language system that differs from alphabetic languages, and 

some of the neurocognitive mechanisms underlying Chinese logographic reading also 

differ from those underlying alphabetic word reading. However, whether education level 

effects the neural activation associated with logographic processing of Chinese is still 

unknown. In the present study, 11 Chinese illiterate and 11 literate (age-matched) 

subjects participated in an event-related fMRI experiment with Chinese character 

discrimination (CD) and figure discrimination (FD) tasks. All subjects were asked to 

view the character or figure pairs and discriminate whether the characters or figures of 

each stimuli pair were the same or not using response keys. Both literate and illiterate 

subjects activated a widely distributed cerebral network, including the bilateral inferior, 

middle and superior frontal gyri, superior temporal gyrus and parietal lobe, in the CD 

task. Finally, we directly compared the activations of literate subjects with illiterate 

subjects. The results suggest that the bilateral parts of the inferior parietal cortex are 

more active for literate than illiterate subjects in the CD task. We found no significant 

group difference in the FD task. Therefore, the present results may indicate that 

education level effects the neural activation associated with the logographic processing 

of Chinese. 

 
Key words: Illiterate, Literate, Inferior Parietal Cortex, Chinese character, fMRI 

 

 

2.1 Introduction 
  Languages are remarkable systems that allow people to communicate an unlimited 

combination of ideas using highly structured streams of sounds, written signs and 

manual or facial gestures. One of the earliest studies on language processing in the brain 

dates back to 1861, when Pierre Paul Broca (2.2) found that the inferior part of left 
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frontal lobe (i.e., Broca’s area) was related to speech production in a lesion study. 

Almost simultaneously, Carl Wernicke (1874/1969) found that a posterior region (i.e., 

Wernicke’s area) in the left hemisphere(2.36), an area in and around where the temporal 

and parietal lobes meet, was related to language comprehension. Broca’s and Wernicke’s 

work laid the foundation for later studies in the field of language processing in the brain. 
  Previous neuroimaging studies have associated the left inferior frontal gyrus, 

including Broca’s area (BA 44/45) and parts of the precentral gyrus (BA 6), with 

language functions, such as phonological processing (2.25), semantic processing (2.30; 

2.38), and speech production (2.30; 3.3), as well as cognitive control (2.26). Our recent 

studies (2.4; 2.37)also have found functional segregation in the left inferior frontal gyrus, 

in which the dorsal regions are related to automatic access to an articulatory 

representation at the syllable or phoneme level, and the ventral parts are related to 

lexical or semantic processing. Moreover, a large number of neuropsychological studies 

have suggested that the parietotemporal region (including Wernicke’s area and portions 

of the inferior parietal cortex) is important for mapping orthographic representations 

onto phonologic representations (2.12; 2.11; 2.20; 2.19; 1.12). 
As described above, most previous studies have used alphabetic language stimuli, 

especially the English alphabet (2.25; 2.5; 2.6; 2.16; 1.11), to explore language 

processing in the brain. However, written Chinese as logographic script differs notably 

from alphabets such as the English or French alphabets in visual form, orthography, 

phonology and semantics. These unique characteristics imply that some of the 

neurocognitive mechanisms underlying Chinese logographic reading may differ from 

those underlying alphabetic word reading (2.32; 2.34; 1.16; 2.22; 2.33). For instance, 

previous studies have found that the left middle frontal gyrus, including BA 9, is 

strongly activated in native Chinese speakers during a variety of linguistic tasks but is 

not or is weakly activated in native English speakers performing the same tasks (2.34; 

1.16; 2.33). 

The illiterate population is a group unable to read and write. Many recent studies 

(2.8; 2.28; 2.27; 2.29; 2.7; 1.12) related to language processing with alphabetic literate 

and illiterate subjects have found that brain activation significantly differed between the 

two groups. Therefore, these findings may suggest that education level determines the 

functional organization of the adult brain and that the effects of literacy and formal 

schooling influence language-related skills. Moreover, Li and colleagues (1.14) also 

demonstrated the effects of education level on the neural activation associated with 

phonological and semantic processes (i.e., silent word recognition and silent 

picture-naming tasks) in Chinese literate and illiterate subjects. However, the 

logographic nature of Chinese characters has a closer relationship between shape and 
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meaning than alphabetical words (2.9; 2.23). How education level affects the neural 

activation associated with logographic processing of Chinese characters remains unclear.  

  In the present study, we used event-related fMRI to examine the effects of education 

level on brain activation related with logographic processing of Chinese. Specifically, 

we used visual Chinese character discrimination and figure discrimination tasks with 

literate and illiterate subjects. The results demonstrate that brain activation in the parts 

of bilateral angular gyrus (ANG) and supramarginal gyrus (SMG) located in the inferior 

parietal lobule (IPL) of literate subjects was stronger than illiterate subjects during the 

Chinese character discrimination task. The present results provide evidence that the 

bilateral IPL contributes to Chinese logographic processing. 

 

2.2 Methods  
2.2.1 Subjects 

Twenty-two right-handed subjects participated in the present study. Subjects were 

classified as illiterate (n=11) and literate (n=11) individuals (see Table 1). All subjects 

were native Chinese speakers, spoke only Chinese and were healthy. All subjects had 

normal or corrected-to-normal vision. No subjects were using drugs or alcohol or had 

any history of neurological disease, systemic disease known to affect central nervous 

system functioning, clinically significant head injury or mental retardation. They 

participated in the fMRI study after providing informed written consent, and the 

experimental protocol was approved by the Ethics Committee of the Shengjing Hospital 

of the China Medical University. 

The subjects of the illiterate group had never entered school for social reasons and 

had no knowledge of reading or writing. All illiterate subjects were fully socially 

functional, and the absence of reading and writing skills was not a significant handicap 

in their everyday lives. In the course of the selection process, all subjects underwent 

cognitive tasks involving the identification of simple Chinese characters. Illiterate 

subjects were included if they were unable to recognize any of the simple Chinese 

characters. The ability to write their names was not an exclusion criterion. None of them 

could write or speak a second language. In the Basic Character Ability Test (BCAT), less 

than 20 pieces of Chinese characters were understood. As shown in Table 1, five male 

and six female illiterate subjects with an average age of 47.91 years (ranging from 34 to 

57) and 0-1 years of schooling were selected after BCAT, IQ and socioeconomic tests.  
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Table 1. Demographic data for subjects and the results of pilot experiments. BCAT 1, 

Basic Character Ability Test 1; BCAT 2, Basic Character Ability Test 2; BFAT, Basic 

Figure Ability Test; IQ, Intelligence Quotient. * Statistically significant between 

groups (P < 0.001). 

 

  Literate Illiterate 

Famale/Male 5/6 5/6 

Age 43.9 ± 7.4 47.9 ± 6.5 

Years of school education 15.7 ± 1.2 0.3 ± 0.3 * 

Scores of BCAT1 97 ± 3.1 4.5 ± 5.7 * 

Scores of BCAT2 39.8 ± 0.7 38.5± 2.2 

Scores of BFAT 20 ± 0 20 ± 0 

Scores of post-fMRI test 51.9  ± 2.4 2.5  ± 4.5* 

Scores of IQ  111.3 ± 6.8 90.5  ± 4.7 * 

Socio-economic 450  ± 89.4 107.7  ± 108.4 * 

* p < 0.001   

 

 

The literate group consisted of five male and six female subjects with an average 

age of 43.91 years (ranging from 30 to 55) and 12-16 years of schooling. There was no 

significant difference between two groups in age (p < 0.119). All of these subjects also 

underwent BCAT, IQ and socioeconomic tests. 

First, we performed a questionnaire test to select 100 illiterate subjects from 200 

ill-educated volunteers. The questionnaire was conducted orally by the interviewer and 

contained eleven questions concerning the volunteer’s understanding of Chinese 

characters and educational condition. All 100 illiterates and 11 literates then participated 

in the following tests before the fMRI experiment. 

To determine the final literate and illiterate subjects, all 100 illiterate participants 

were required to take the BCAT1 and 2 and the basic figure ability test (BFAT). In the 

BCAT1, the number of identified Chinese characters for the literate and illiterate 

subjects was investigated. In this test, 100 common Chinese characters were selected 

from Chinese primary school textbooks. Subjects were then asked to view all 100 words 

individually to determine whether they understood the characters. In the BCAT2, 40 

hearing words selected from Joan et al. (1980) were presented to all subjects (2.31). 

Subjects were asked to determine whether they understood the words. To investigate the 

simple figure-naming abilities of the subjects and exclude those who were 
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pathologically illiterate, a BFAT with 20 visual signs was performed. All subjects were 

asked to name the visual signs. In the present study, the illiterate participants who 

understood less than 20 of the 100 characters of BCAT1 and completed the BCAT2 and 

BFAT with high accuracies were included (see Table 1 for details). Eleven subjects who 

were illiterate because of socio-cultural reasons were selected. Eleven literate subjects 

were also asked to complete these three tests before the fMRI experiment. 

To confirm whether the subjects understood all of the characters that appeared in the 

fMRI experiments, a post-fMRI test was performed. All 72 Chinese characters (i.e., 36 

pairs) were printed, and subjects were asked to again determine whether they understood 

the characters (see Table 1 for details).  

2.2.2 Stimuli 
A total of 36 pairs of characters were used in this fMRI experiment (Figure 2.1) We 

selected 53 Chinese characters from grade five primary school textbooks after which we 

conducted recognition and read tests with the subjects. For the non-language stimuli, 

two simple figures (a circle and a square) were selected. Two characters or figures were 

combined into pairs, and half of the pairs were the same. Figure pairs consisted of two 

figures, a circle and a square, yielding four possible pairs (circle + circle, circle + square, 

square + circle and square + square). For the pairs of different stimuli, the characters 

were made to look similar, and parts of the sub-character units were the same Each trial 

presented 1 pair of visual stimuli (i.e., 1 pair of Chinese characters or simple figures). 

An example of visual stimuli used in the present study is shown in Figure 1. Subjects 

were asked to press the right key on a button box with their right thumb if the two 

characters or figures of each pair were the same and press the left key with their left 

thumb if they were different. Subjects were asked to perform the experimental task as 

quickly and accurately as possible. 

2.2.3 Task and procedure 
An event-related fMRI was used to reveal the task-related brain activation in the 

present study. To ensure that all subjects could perform each task accurately, subjects 

performed a pre-experiment outside the scanner. A total of 289 fMRI volumes of images 

were collected during each task. The subject lay supine in the MRI tunnel with earplugs 

and was instructed to relax. The subject was asked to fixate on a white cross projected 

from a projector through a mirror onto a semitransparent screen. For each trial, the 

subjects were instructed to detect whether each pair of visual stimuli was the same or 

not. Each pair of Chinese characters or figures was presented for 4000 ms. Three trial 

intervals (2000, 4000 and 6000 ms) were randomly presented. In the present study, each 

task consisted of 36 pairs of Chinese characters and 36 pairs of simple figures.  

 15



Chapter 2 Prominent Activation of the Bilateral Inferior Parietal Cortex 

 
Figure 2.1. Examples of experimental stimuli used in the experiment. (a) is the same 

Chinese character pair, “ ” (“victory”). (b) is a different Chinese character pair, 

“ ” (“a formal saying of shirts”) plus a “ ” (“a pine”). (c) is the same figure pair, 

 (“a circle”). (d) is a different figure pair,  (“a circle”) and  (“a 

square”). 

 

2.2.4 MR Data Acquisition  
Blood oxygenation level-dependent (BOLD) functional MRI signal data were 

collected using a 3T Philip signal scanner at the Shengjing Hospital of the China 

Medical University. For the fMRI scan, 36 continuous 3.0 mm T2*-weighted 

echo-planar images (EPI) in thickness without interslice gap were acquired with the 

following scan parameters: TR=2000 ms, TE=30 ms, flip angle=90°, slice thickness=3.0 

mm, FOV=192×192 and matrix=64×64. An anatomical whole brain MRI was acquired 

using a T1-weighted spin echo sequence with TR=9.5 ms, TE=4.6 ms, slice 

thickness=1.2 mm and matrix=256×256. 

2.2.5 Data Analysis 

Statistical Parametric Mapping 8 (SPM8, by members & collaborators of the 

Welcome Department of Imaging Neuroscience) software and Matlab 7.5 (MathWorks, 

Natick, MA) were used for image and statistical analyses. For the functional image 

analysis, we first used MRIcro (http://www.cabiatl.com/mricro/) to convert the DICOM 

files to NIFTI files. In each task, the first 4 functional images were discarded due to 

unsteady magnetization. A total of 285 fMRI image volumes were realigned spatially to 

the first volume of the first time series. The T1-weighted anatomical images were then 

co-registered to the first scan of the functional image, and the resulting co-registered 

T1-weighted anatomical images were normalized to standard T1 template images as 

defined by the Montreal Neurological Institute (1.10). Normalized images were 

smoothed with an isotropic 8-mm full-width half maximum Gaussian kernel.  

Statistical analysis was performed in two levels of a mixed-effects model. In the 

first-level analysis, the BOLD response was modeled as the neural activity convolved 

with a canonical hemodynamic response function (HRF) (2.13) to yield regressors in a 
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general linear model (GLM) for each condition. The time series for each voxel was 

high-pass and low-pass filtered by a canonical HRF. Nonsphericity of the error 

covariance was accommodated by an AR(1) (first-order autoregressive) model, in which 

the temporal autocorrelation was estimated by pooling over suprathreshold voxels 

(2.14).  

At the second level, a one-sample t-test analysis was conducted for each of the two 

contrasts to identify the whole-brain activation for Chinese character discrimination and 

figure discrimination. For each participant, we created a design matrix with covariates 

for the two conditions (character and figure judgment). In this design, the repetitions of 

figure conditions were much higher than character conditions. In account of the 

repetition effect, there is one parametric regressor for each pair of figures, but no for 

characters, for each character was presented one time. Each pairs of figures were 

presented 9 times so the parametric regressors have values from 1 to 9 repeated 4 times 

in the order of the experiment(2.1). Only effects surviving an uncorrected threshold of P 

< 0.001 in contiguous voxels were interpreted. A one-sample t-test and two-sample t-test 

were conducted to create a random Statistical Parametric Mapping effect for all 

comparisons. To exclude learning disabilities and socioeconomic differences between 

the literate and illiterate subjects, we have the covariates in the estimate of specify 

2nd-level. Significantly activated voxels were identified if they reached the height 

threshold of P < 0.0001, and uncorrected contiguous voxels were interpreted. The mean 

percent of the BOLD signal responses was extracted from the peak voxel in clusters of 

significant voxels to characterize activation in these regions. The brain regions were 

labeled using Talairach and Tournoux after adjustments for differences between the MNI 

and Talairach coordinates. 

To further evaluate the significant differences in regional signal change between the 

two conditions, the anatomical ROIs were used to extract the averaged data out of the 

1st-level individual subject statistical analysis. For each ROI, there were a total of 44 

measurements from 2 conditions and all 22 participants. The data were then used in a 

repeated measures analysis of variance (ANOVA) (SPSS 16.0 for Windows) with an 

equal variances assumption. A Bonferroni correction at p < 0.05 was used for the post 

hoc multiple comparison to test the pair-wise comparisons. 

 

2.3. Results 
2.3.1 Behavioral (BHV) Results 

All results of the BCAT1, 2, BFAT and post-fMRI tests are listed in Table 1. 

We performed a two-sample t-test for all of these tests. We found that the scores on the 
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BCAT1, IQ and post-fMRI tests of literate subjects were significantly higher than those 

of illiterate subjects (all P < 0.001). The two-sample t-test also revealed significant 

differences in years of education and socioeconomic status between literate and illiterate 

subjects (all P < 0.001). In contrast, we found no significant differences in the scores of 

the BCAT2 and BFAT tests and age between literate and illiterate subjects (all P > 0.05). 

To investigate the differences in task performance in the scanner, we calculated the 

mean reaction time and accuracy for each task (Figure 2.2(a)(b)). We performed a task 

(two tasks) × group (two groups) repeated measures ANOVA on mean reaction time. We 

found significant main effects for task (F(1,20) = 158.08, P < 0.001) and group (F(1,20) 

= 10.87, P = 0.004). The analysis also revealed a significant interaction between task 

and group (F(1,20) = 12.06, P = 0.002). The multiple comparison using the Bonferroni 

correction (α= 0.05) found significant differences in reaction times between two tasks 

and subject groups. The reaction times were longer for the Chinese character 

discrimination (CD) task compared to the figure discrimination (FD) task for both 

literate and illiterate subjects (P < 0.001). The reaction time of literate subjects was 

significantly shorter than that of illiterate subjects (P = 0.002) in the CD task, but no 

significant group difference was found in the FD task (P > 0.05).  

 
Figure 2.2. Mean reaction time (a) and accuracy (b) for all subjects in the MRI 

scanner. CD, Chinese character discrimination task; FD, figure discrimination task. 

Vertical error bars represent the standard error of the mean. *P < 0.05, **P < 0.01, 

***P < 0.001. 

The same repeated measures ANOVA and multiple comparison were also performed 

for accuracy. The analysis revealed main effects for task (F(1,20) = 30.29, P < 0.001) 

and group (F(1,20) = 5.43, P = 0.03) and a significant interaction between task and 

group (F(1,20) = 6.65, P = 0.018). The multiple comparison confirmed that the accuracy 

of the CD task was significantly lower than that of FD task for the illiterate subjects (P < 

0.001), but no significant difference in accuracy was found between the CD and FD 

tasks for literate subjects (P > 0.05). The accuracy in the CD task for the literate subjects 
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was significantly higher than for illiterate subjects (P = 0.021), but no significant group 

difference in the FD task was found (P > 0.05). 

 

2.3.2 fMRI Results 
As shown in Figure 3, the CD and FD tasks activated a widespread set of brain 

regions. To reveal areas showing significantly increased BOLD signals under the 

conditions in which subjects were required to discriminate Chinese characters and 

figures, signals were compared to the signals obtained during the baseline condition. To 

determine the basic activation patterns during each task, we used the CD – baseline and 

FD – baseline contrasts for each group. Figure 2.3(a)(b)(c)(d) shows clusters of 

activation labeled in color overlays on normalized anatomic T1 slices. The coordinates 

of the activated clusters and their significant z-values (P < 0.001, uncorrected) are listed 

in Table 2. For both CD and FD tasks, as expected for visual stimuli, the bilateral visual 

cortex in the occipital lobe was activated strongly in these contrasts for both illiterate 

and literate subjects. In the CD task, primary activation was observed in the bilateral 

inferior, middle and superior frontal gyrus (including Broca’s area) in the literate 

subjects, and activation also extended bilaterally into the superior temporal gyrus 

(including Wernicke’s area) and parietal lobe. For the FD task, we found the similar 

brain activation map as in the CD task. However, both the activation intensity and range 

were lower than those of the CD task, as shown in Figure 3(b)(d). For illiterate subjects, 

similar activation in the CD and FD tasks as literate subjects was observed (see Figure 

2.3(c)(d)). In addition, these contrasts also displayed activation in the bilateral insula 

and cerebellum. 

 
Figure 2.3. Brain activation for CD – baseline, FD – baseline for literate (n=11) and 

illiterate (n=11) subjects, respectively. Areas of significant activation are overlaid on 
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normalized brain slices based on the anatomic T1 slices. The main areas of 

activation include the MOG/FG: middle occipital gyrus/fusiform gyrus, STG/ATT 

superior temporal gyrus/anterior transverse temporal gyrus, MFG/SLF: middle 

frontal gyrus/Superior longitudinal fasciculus, MFG: middle frontal gyrus, IPG/SFG: 

inferior parietal gyrus/superior frontal gyrus, IFG: inferior frontal gyrus, PFC: 

prefrontal cortex, PhcG: parahippocampal gyrus, ACC/PCC: Anterior cingulate 

cortex/ Posterior cingulate cortex, and MTG: middle temporal gyrus. L, left side; R, 

right side. 

 

 

Table 2. Main foci of task-related activity for literate and illiterate subject groups. 

 Brodmann  Language-baseline  Figure-baseline 

Functional 

region area Side x y z Z value   x y z Z value 

Literate                  

Occipital-temporal areas                

MOG/FG 17/18/19/37 L -29 -58 -23 5.24  -27 -71 -27 5.03

  R 41 -77 -11 5.55  34 -60 -28 4.22

STG/ATT 22/41/42 L -48 4 -4 3.49  -50 6 -3 4.31

  R 52 10 -3 3.66  50 8 0 4.49

Frontal-parietal areas                 

MFG/SLF 2/3/4/6/9 L -3 12 50 4.96  -3 1 49 4.21

  R 27 -21 60 2.59  34 -15 55 3.52

MFG 9/10/46 L -43 3 25 3.56  -34 41 27 3.77

  R 41 10 28 3.42  36 43 9 3.96

IPG/SFG 7/40 L -43 -32 47 3.83  -54 -34 28 4.05

  R 41 -34 53 4.27  45 -29 48 4.45

IFG 47 L -38 10 -3 3.52      

  R      45 -7 3 3.89

PFC 13/44/45 L      -40 -5 3 3.7

  R 45 8 -3 4.27  57 -32 19 3.37

PhcG 35 L -18 -30 -7 3.96      

  R 19 -30 -9 3.85      

Cerelellum                   

  L 6 -87 -21 4.99  -31 -62 -32 4.91

  R -6 -79 -36 4.83  24 -67 -30 5.08
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Others areas                      

AAC/PCC 24/31/32 L -1 14 39 4.09  -3 8 32 3.75

  R 3 -1 35 3.05      

           

Illiterate                   

Occipital-temporal areas                

MOG/FG 17/18/19/37 L -31 -63 -21 6.21  -32 -63 -21 5.46

  R 26 -91 -19 6.28  33 -56 -26 5.32

STG/ATT 22/41/42 L -52 8 -7 2.88  -50 -19 11 3.99

  R      56 -17 6 4.76

MTG 38       -48 4 -9 3.8

        45 6 -5 4.74

Frontal-parietal areas                

MFG/SLF 2/3/4/6/9 L -40 -17 52 4.91  -40 -17 52 4.31

  R      33 -25 48 4.46

MFG 9/10/46 L -47 3 21 4.97  -40 -3 5 4.39

  R      45 16 27 4.24

IPG/SFG 7/40 L -20 -77 42 4.86  -45 -30 42 4.14

  R 19 -67 37 4.91  59 -25 18 4.25

IFG 47 L          

  R      43 14 -7 4.05

PFC 13/44/45 L -38 12 -7 4.01  -40 -3 5 4.39

  R      48 8 14 4.57

PhcG 35 L         

  R         

Cerelellum                   

  L -1 -79 -25 4.83  -27 -75 -27 4.54

  R 10 -91 -8 4.69  20 -75 -25 4.79

Others areas                      

ACC/PCC 24 L      -6 -7 45 4.42

    R           6 -5 38 4.61

 

To determine the areas specifically activated by literate subjects in the CD and FD 

tasks, we directly compared the activation found in literate subjects with illiterate 

subjects. As shown in Figure 4(a), prominent activation in the left and right IPL was 

observed in the Literate CD (LCD) – Illiterate CD (ICD) contrast. However, we found 

only a small group difference in the FD task in the Literate FD (LFD) – Illiterate FD 
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(IFD) contrast in the right superior frontal gyrus (see Figure 2.4 (b)). In detail, the 

coordinates of the activated clusters and their significant z-values (P < 0.0001, 

uncorrected) are listed in Table 3. 

 

 

 

 
Figure 2.4. Functional brain maps during language stimuli versus fixation stimuli in 

the literate subjects versus illiterate subjects. The mean normalized brain maps are 

overlaid on the corresponding T1-weighted images showing significant activation 

(in color; p < 0.0001, Uncorrected cluster size > 50 voxels) for the 11 literate and 11 

illiterate subjects. L, left hemisphere; R, right hemisphere. 
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Figure 2.5. The results of region of interest (ROI) during language stimuli versus 

fixation stimuli in the literate versus illiterate subjects. The mean normalized brain 

maps are overlaid on the corresponding T1-weighted images showing significant 

activation (in color; p < 0.0001, Uncorrected cluster size > 50voxels) for 11 literate 

subjects and 11 illiterate subjects. L, left hemisphere; R, right hemisphere. 

 

Table 3. Main foci of the group difference in activity. 

 

 Brodmann  Language-baseline  Figure-baseline 

Functional region area Side x y z Z value   x y z Z value 

Literate-Illiterate                 

IPG 39/40 L -48 -50 17 4.88      

  R 45 -46 26 4.77      

MFG 9/44 R          31 32 26 5.15

 

 

To investigate the differences in brain activation of LCD – ICD contrast, regions of 

interest (ROIs) with spheres 8 mm in diameter in the bilateral IPL were identified for all 

subjects. In addition, we plotted the histograms using percent signal change in Figure 
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2.5. A t-test showed that the percent signal changes of the bilateral IPL for literate 

subjects were significantly higher than those of the illiterate subjects in the CD task (P 

<0.001; P <0.001, respectively). 

 

2.4. Discussion 
  The Chinese character discrimination (CD) task in this study involved the activation 

of a widely distributed cerebral network for both literate and illiterate subjects. The main 

finding of this study suggests that although the areas showing activity during the CD 

task compared with baseline revealed a similar cerebral network between literate and 

illiterate subjects, bilateral activation of the IPL was significantly higher for literate 

subjects than for illiterate subjects during the CD task (Table 3 and Figure 2.5). 

Therefore, the present results may demonstrate an education level effect on the neural 

activation associated with the logographic processing of Chinese. 

  In the present study, all illiterate subjects were selected from the pilot tests (i.e., the 

BCAT1 and 2, BFAT, IQ, and socioeconomic tests). Eleven age-matched literate subjects 

also took these pilot tests. As shown in Table 1, subject number, gender, age, basic figure 

ability and Chinese hearing ability were well matched. In contrast, we found that the 

years of school education and Chinese reading ability of literate subjects were 

significantly higher than those of illiterate subjects. These results indicated a main group 

difference between literate and illiterate subjects in the reading or writing of Chinese. 

  The present fMRI experiment was designed to examine the different neural correlates 

of CD processing between literate and illiterate subjects. The CD task consisted of 36 

pairs of Chinese characters. Literate subjects were able to discriminate each character 

pair from both of the shape and meaning of these characters. In contrast, the illiterate 

subjects did not know the meaning of these characters. As shown in Figure 2.2(a)(b), 

literate subjects obtained faster reaction times and higher accuracies in the CD task than 

the illiterate subjects. Moreover, we also designed a simple figure discrimination (FD) 

task without language information. The FD task was expected to activate neural 

correlates similar to those for figure discrimination for both literate and illiterate 

subjects. Because FD was a very simple task, the results revealed faster reaction times 

and higher accuracies compared to the CD task (see Figure 2.2(a)(b)). Thus, a direct 

group comparison in the CD task was expected to reveal the differences in the 

logographic processing of Chinese. 

  The character discrimination procedures activated a widespread set of brain regions 

when visual character stimuli were presented relative to the baseline (Figure 2.3). Each 

subject was instructed to view the visual characters and press the appropriate response 
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key with their left and right thumbs. Brain activation in both literate and illiterate 

subjects was observed in the bilateral visual cortexes, including the primary visual 

cortex (BA 17), prestriate cortex (BA 18/19) and bilateral primary motor cortex (BA 4) 

adjacent to the central sulcus in these contrasts. The visual (for review, see (2.17) and 

kinetic (2.35; 2.24) contralateral activation in these areas corresponded with results from 

previous studies. A portion of the bilateral prefrontal cortical area (PFC; BA 13/44/45) 

was activated in the CD task compared with baseline. This finding is consistent with 

previous studies demonstrating that the prefrontal cortex is part of a network of areas 

involved in visual working memory (for review, see (2.15)). The bilateral activation of 

the PFC areas found in this study was interpreted as character discrimination processing 

during the CD task. 

As Chinese character discrimination was performed in the CD task, areas associated 

with language processing in literate subjects, including the left inferior and middle 

frontal gyri (IFG and MFG; BA 9/10/44/46/47), left posterior region of the superior 

temporal gyrus (STG; BA 22/41/42) and left IPL (BA 7/40), were strongly activated. 

These two areas are classically known as Broca and Wernicke areas, respectively. 

Recent neuroimaging studies in young literate subjects have also indicated that these 

areas play key roles for both logographic (2.34; 2.22; 2.33) and alphabetic language 

processing (2.25; 2.5; 2.6; 2.16; 1.11; 1.12). Jung-Beeman (Jung-Beeman, 2005) has 

indicated that both the left and right hemispheres are responsible for linguistic 

processing. The CD task showed activation in the right hemisphere (see Figure 2.3(a)) 

for literate subjects in the present study, consistent with the previous study (2.21).  

In contrast, even though the illiterate subjects could not understand the meaning of 

the characters presented, the activation map of the CD task was similar to that of the 

literate subjects (see Figure 2.3(c)). However, most of the activations may relate to the 

visual form discrimination of Chinese characters but not language processing. For 

instance, activations of bilateral STG and IPL were significantly stronger in the literate 

compared to illiterate subjects. 

For the FD task, main activations were observed in the primary and prestriate visual 

cortices (BA 17/18/19) and other regions related to visual figure discrimination 

processes for both literate and illiterate subjects (see Figure 2.3(b)(d)). Moreover, 

because the degree of difficulty and repetition of figure stimuli differed in the FD and 

CD tasks, the intensity and range of brain activation for the FD task was lower than in 

the CD task.  
In the present study, we found that Chinese character discrimination procedures 

activated similar brain regions for literate and illiterate subjects in the CD task. In 

contrast, strong positive activation in the bilateral part of the IPL area was observed in 

 25



Chapter 2 Prominent Activation of the Bilateral Inferior Parietal Cortex 

the Literate CD – Illiterate CD contrast (Figure 2.4(a) and 2.5). Furthermore, we found 

no significant difference in the bilateral IPL in the Literate FD – Illiterate FD contrast 

(Figure 2.4(b)).  

The left IPL, including in the Wernicke’s area, is closely related to language 

comprehension (2.12; 2.11; 2.19; 2.20). Recent studies (for review, see (2.21)) have also 

demonstrated that the right IPL and STG play a key role for language processing. 

Therefore, in the present study, the difference of education level may have induced the 

prominent activation of the bilateral IPL of literate subjects in Chinese compared with 

illiterate subjects (Figure 5).  

A previous study (1.12) investigated the literacy effect in the IPL in two 

independent samples of English literate and illiterate subjects. The results of this study 

revealed that the literate group showed significantly greater activity than the illiterate 

group in the left IPL. However, activation in the right IPL for the literate group was 

lower than for the illiterate group. Briefly, the results of Petersson et al. (2007) have 

provided evidence that a cultural factor, literacy, influences the functional hemispheric 

balance in the inferior parietal and parieto-temporal region. In contrast, we found no 

functional lateralization in the IPL in Chinese literate and illiterate subjects. This 

difference is attributed to different language processing in Chinese and English. In detail, 

Chinese logographs differ markedly from languages represented by a phonologic and 

orthographic alphabet, as there is no eminent letter-sound correspondence. A previous 

study has suggested that Chinese character processing induces extensive activation in 

bilateral hemispheric structures using a semantic judgment task (1.16).  

 

2.5 Conclusion 
Another recent study (2.18) suggested that the left and right IPL (i.e., Wernicke’s 

areas) function as processors of dominant and subordinate meanings of ambiguous 

words, respectively. In the present study, the hieroglyphic Chinese character pairs were 

presented, and the meanings of all character pairs were ambiguous in the CD task. 

Therefore, stronger activation of the bilateral IPL was observed in the literate subjects 

compared with the illiterate subjects. 
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Chapter 3 

 

Different Roles of the Posterior Inferior Frontal Gyrus in 

Chinese Character Form Judgment Differences between 

Literate and Illiterate Individuals  

 

Summary 
Chinese In the present study, we used event-related functional magnetic resonance 

imaging (fMRI) to explore the different roles of the posterior inferior frontal gyrus 

(pIFG) in Chinese character form judgment between literate and illiterate subjects. 

Using event-related fMRI, 24 healthy right-handed Chinese subjects (12 literates and 12 

illiterates) were asked to perform Chinese character and figure form judgment tasks. The 

blood oxygen level-dependent (BOLD) differences in pIFG were examined with general 

linear modeling (GLM). We found differences in reaction times and accuracy between 

subjects as they performed these tasks. These behavioral differences reflect the different 

cognitive demands of character form judgment for literate and illiterate individuals. The 

results showed differences in the BOLD response patterns in the pIFG between the two 

discrimination tasks and the two subject groups. A comparison of the character and 

figure tasks showed that literate and illiterate subjects had similar BOLD responses in 

the inferior frontal gyrus. However, differences in behavioral performance suggest that 

the pIFG plays a different role in Chinese character form judgment for each subject 

group. In literate subjects, the left pIFG mediated access to phonology in achieving 

Chinese character form judgment, whereas the right pIFG participated in the processing 

of the orthography of Chinese characters. In illiterate subjects, the bilateral frontal gyrus 

participated in the visual–spatial processing of Chinese characters to achieve form 

judgment. 

 
Key words: inferior frontal gyrus, language, judgment, Chinese characters, illiterate, 

fMRI  
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3.1 Introduction 
The association of the left inferior frontal gyrus (IFG) with language processing is 

well established. The inferior frontal gyrus can be divided into three sub-regions, pars 

opercularis (Brodmann Area (BA) 44), pars triangularis (BA 45) and pars orbitalis (BA 

47). Numerous studies on language processing have demonstrated that the IFG is 

involved in phonological, lexical semantic, and orthographic processing (3.3; 2.4; 3.13; 

3.16; 3.30; 3.34; 2.37). Phonological processing appears to involve a more 

dorsal-posterior aspect of the left IFG (around BA 44) (3.7; 3.15; 3.19), whereas lexical 

or semantic processing tends to activate a more ventral-anterior portion of the left IFG 

(roughly corresponding to BA 45/47) (3.5; 3.11; 3.16; 2.37). In addition, studies on 

alphabetic and symbolic language have demonstrated the involvement of posterior 

inferior frontal regions (BA 44) in visual word processing (3.2; 3.13; 3.25; 3.29; 3.33). 

This area is thought to be involved in grapheme-to-phoneme conversion, as well as in 

general encoding of orthographic strings. Moreover, Kuo et al. investigated the neural 

mechanisms underlying orthographic and phonological processing of Chinese characters. 

While the right middle frontal gyrus constitutes a network for orthographic processing, 

the regions of left medial/inferior frontal gyrus work in concert for phonological 

processing of Chinese (3.19; 3.21). 

The impact of literacy is reflected in different spheres of cognitive functioning. 

Learning to read reinforces and modifies certain fundamental abilities, such as verbal 

and visual memory, phonological awareness, and visuospatial and visuomotor skills 

(3.1; 3.6; 3.9; 2.29; 3.27; 1.12; 2.28). The influence of literacy and education on the 

pathways used by the brain for problem-solving has been demonstrated in recent 

functional imaging studies (3.1; 3.9). A comparison of brain functions of people who 

learned to read as adults with those from a carefully matched set of illiterate subjects has 

shown that the ontogenic structural and functional architecture of the brain is modulated 

by literacy (3.10; 1.14; 3.27; 1.12). Another study compared brain responses to spoken 

and written language, visual faces, houses, tools, and checkers in adults of variable 
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literacy (3.9). The results suggested that literacy enhanced left inferior frontal gyrus 

activation evoked by writing; literacy allows almost the entire left-hemispheric spoken 

language network to be activated by written sentences. Therefore, studying adult 

illiterate subjects, who were not provided the opportunity to go to school, has been a 

useful approach in attempting to understand the influence of cultural factors on the brain 

and the brain-based changes that result from cognitive development.  

A few studies have compared the neural processing of literate and illiterate Chinese 

subjects (1.14). In that study, differences in activation patterns were revealed in the left 

inferior/middle frontal gyrus and in both sides of the superior temporal gyrus for a silent 

word recognition task and in the bilateral inferior/middle frontal gyrus for a silent word 

and picture-naming task. These results indicated that the patterns of neural activation 

associated with language tasks are strongly influenced by education, which appears to 

enhance cognitive processing efficiency in language tasks (1.14). However, for illiterate 

subjects, the role of activation in the IFG for Chinese character recognition remains 

unknown. Chinese is a logographic language in which characters, the basic writing unit, 

possess a number of strokes that are packed into a square shape. This requires an 

elaborate analysis of spatial information and locations of various strokes comprising the 

logographic character (1.16). Previous studies have indicated that illiterate subjects have 

no elaborate link between vision and language, in either alphabetical or logographic 

languages (1.14; 3.24). Due to these weaknesses, illiterate subjects required more 

visuospatial processing and visual attention than literate subjects (1.14; 1.12). Moreover, 

the activation of IFG increased with more attention and uncertainty during decision 

making (3.14). We propose that the activation in the IFG of illiterate subjects (1.14) 

plays a different role than similar activation in literate subjects; specifically, for illiterate 

subjects the activation may reflect general visuospatial processing, whereas for literate 

subjects the activation may reflect phonology and semantics processing.  

 In the present study, we used functional magnetic resonance imaging to measure neural 

responses to figure and Chinese character form judgment tasks among literate and 
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illiterate Chinese subjects. This study focused on the different roles played by the pIFG 

in these two groups during Chinese character form processing. 

 

3.2 Methods 

3.2.1 Participants 
A total of 24 native Chinese speakers participated in this study. All subjects were 

strongly right-handed, as determined by the handedness inventory devised by Snyder 

and Harris (3.31). Twelve of the subjects were literate (mean age, 47 years; range, 39–55 

years) college teachers in a city in Northeast China. The other 12 subjects were illiterate 

(mean age, 48 years; range, 34–57 years) and had grown up in the same area. The 

illiterate subjects never received formal education and could not read or write; they were 

able to speak Chinese but were unable to read Chinese characters. As shown in Table 1, 

the literate and illiterate subjects had a normal intelligence quotient (IQ, 90-110). The 

social-economy index of the illiterate subjects was significantly lower than that of the 

literate subjects at the time the literate subjects entered school. The results of 

questionnaires suggested that for our subjects illiteracy was due to their social-economic 

conditions as opposed to any overt low intelligence or learning disability. None of the 

subjects were on medication, nor did any of them have neurological or psychiatric 

histories or hearing impairments. The protocol was approved by the Ethics Committee 

of the Shengjing Hospital of China Medical University.  

 

 

Table 1 The results of the questionnaires for the literate and illiterate subjects 

 literate illiterate sig. 
Age 45.58 48.33 P=0.28 
IQ Score 110.17 90.25 P<0.0001 
Social-economy 458.33 102.08 P<0.0001 
 

3.2.1 Stimuli  

We selected 53 Chinese characters from grade five primary school textbooks. Then we 
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conducted recognition and read tests with the subjects. For the non-language stimuli, 

two simple figures (a circle and a square) were selected. Two characters or figures were 

combined into pairs, and half of the pairs were the same. Figure pairs consisted of two 

figures, a circle and a square, yielding four possible pairs (circle + circle, circle + square, 

square + circle and square + square). For the pairs of different stimuli, the characters 

were made to look similar, and parts of the sub-character units were the same; e.g.,  

and  have the same sub-character ( ). In total, 36 pairs of characters were used in 

this experiment (Figure 3.1). Previous investigations have shown that this task involves 

orthographic, semantic and phonological processing in both English (Van Orden, 1987) 

and Chinese. 

 

Figure 3.1. Experimental procedure and behavioral results. Two characters or two 

figures were combined into pairs, half of which were the same. Figure pairs consisted of 

two figures (a circle and a square) and were combined into four pairs (circle + circle, 

circle + square, square + circle, and square + square). In total, 53 characters were used 

in the task. In the pairs that were different, the characters were similar in appearance, 

and part of the sub-character units was the same (e.g.,  and , with the same 

sub-character ). Each pair of characters or figures was shown for 4000 ms, and a 

random inter-trial interval was used (2000, 4000 or 6000 ms) between the two stimuli. 

The character and figure stimuli were presented in a random order. 
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3.2.3 Task and Procedure 

A random-interval event design was adopted in which characters and figures were 

randomized over the session. Each pair of characters or figures was shown through a 

projector for 4000 ms, with a random inter-trial interval of 2000, 4000 or 6000 ms 

between the stimuli (Figure 3.5). The subjects were asked to fixate on a small crosshair 

during the task. During each trial, subjects were presented with a pair of stimuli 

(characters or figures) and asked to judge, as quickly as possible, whether the two 

stimuli were the same. Subjects were instructed to press a button with their right thumb 

when they thought the two stimuli were the same and a button with their left thumb 

when they believed the stimuli were different. The stimuli were presented using E-Prime 

software. Participants were first familiarized with the task and stimuli outside of the 

scanner and were then placed into the scanner to complete the scanning portion of the 

experiment. The response times and accuracies were analyzed using SPSS 13.0 (SPSS 

Inc., Chicago, IL). 

3.2.4 MR data acquisition 

A total of 289 fMRI volume images were collected during each run. The fMRI studies 

were performed using a 3 T Philip signal scanner at the Shengjing Hospital of China 

Medical University. Echo-planar images (EPIs) sensitive to the BOLD response 

covering 36 slices were acquired using the scan parameters [TR = 2 s, matrix size = 

64×64, voxel size = 3×3×3.5 mm3, slice thickness = 3.5 mm, slice gap = 0 mm, 

effective echo time (TE) = 30 ms, flip angle (FA) = 90°]. After functional scanning, 

three-dimensional (3D) T1-weighted anatomical images with a 1-mm3 isotropic voxel 

size (matrix 256×256×182) were acquired for cortex normalization and cortex surface 

reconstruction.  

3.2.5 Data Analysis  

Anatomical and functional images were analyzed using BrainVoyager QX 2.11 (Brain 

Innovation, Maastricht, The Netherlands). Anatomical scans were segmented for 
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identification of the white/grey matter boundaries and were then used for cortical 

surface reconstruction and inflating (3.8; 3.12). The functional data were preprocessed 

starting with the first scan time within a volume, which was used as a reference for 

alignment by linear interpolation of the following slices of that volume to correct the 

temporal slice scan time shift. Three-dimensional motion correction was then used to 

estimate the three translation and three rotation parameters of rigid body transformation. 

Spatial smoothing was then carried out using a Gaussian kernel with a full width at half 

maximum (FWHM) value of 4 mm and high-pass temporal filtering (0.015 Hz) for 

linear trend removal (3.12). The functional data were transformed into the conventional 

Talairach space, yielding a 4D data representation. 

Data were analyzed using a general linear model (GLM). To account for 

hemodynamic delay and dispersion, each of the predictors was derived by convolution 

of an appropriate box-car waveform with a double-gamma hemodynamic response 

function (2.13). For each participant, we created a design matrix with covariates for the 

two conditions (character and figure judgment). In this design, the repetitions of figure 

conditions were much higher than character conditions. In account of the repetition 

effect, there is one parametric regressor for each pair of figures, but no for characters, 

for each character was presented one time. Each pairs of figures were presented 9 times 

so the parametric regressors have values from 1 to 9 repeated 4 times in the order of the 

experiment (2.1). The parametric regressors were removed the mean and scaled the 

weights to their standard deviation across trials. The parametric regressors were 

orthogonalized with to the task regressors. At the group level, a random effects analysis 

of variance (ANOVA) was performed. To evaluate the main effect of task, we compared 

neural activation of character and figure conditions vs. rest for the literate and illiterate 

subjects. For completeness, we report all regions that survived a voxel-wise threshold of 

P < 0.01 corrected with a false discovery rate (FDR) and a minimum cluster size of 100 

mm3. For that the experimental design was devoted to investigate different roles played 

by the pIFG in these two groups during Chinese character form processing, we leave the 
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repetition effect out of account. We focused on results within an a priori region of 

interest, the pIFG. We generated an anatomical mask of the posterior (Pars opercularis) 

inferior frontal gyrus. Only voxels within this mask were examined in the subsequent 

analysis of random-effects analysis of the GLM.  

For visualization purposes, beta estimates of main conditions were extracted from left 

and right pIFG mask, and were used to plot the BOLD signal in pIFG. The beta 

estimates were performed using repeated-measures ANOVA in SPSS 13.0 (SPSS Inc., 

Chicago, IL). All imaging results were rendered on a cortical surface from a 

high-resolution structural MRI scan of a standard brain, based on Talairach coordinates. 

3.3 Results 
3.3.1 BHV Results 

The response times and accuracy of each subject for the character and figure tasks are 

shown in Figure 3.2. The results show longer response times and lower accuracies for 

characters compared with figures. With regard to response times, a two-way 

repeated-measures ANOVA demonstrated a significant main effect of task [F(1, 22) = 

205.94, P < 0.0001], a main effect of group [F(1, 22) = 9.48, P= 0.05], and a significant 

task × group interaction [F(1, 22) = 11.75, P = 0.002]. Pairwise comparisons with 

Bonferroni corrections showed that the character task resulted in significantly longer 

response times than the figure task for both literate [F(1, 22) =59.65, P < 0.0001] and 

illiterate subjects [F(1, 22) = 158.04, P < 0.0001]. In addition, illiterate subjects had 

significantly longer response times than literate subjects during character tasks [F(1, 22) 

= 11.68, p = 0.002]. With regard to accuracy, a two-way repeated-measures ANOVA 

demonstrated a significant main effect of task [F(1, 22) = 37.39, P < 0.0001], a main 

effect of group [F(1, 22) = 7.24, P= 0.013], and a significant task × group interaction 

[F(1, 22) = 8.07, P = 0.01]. Pairwise comparisons with Bonferroni corrections showed 

that the character task resulted in significantly lower accuracy than the figure task for 

literate subjects [F(1, 22) = 5.36, P = 0.003] illiterate subjects [F(1, 22) = 40.1, P = 0.03]. 

In addition, the literate subjects had a significantly higher accuracy than the illiterate 
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subjects during the character task [F(1, 22) = 8, P = 0.01]. 

 

Figure 3.2. A) Response times and B) accuracy for the characters and figures of each 

subject. We found a significant main effect of task (P < 0.0001) and group (P= 0.05) on 

response time, as well as a significant task × group interaction (P = 0.002). Two-way 

repeated-measures ANOVA demonstrated a significant main effect of task (P < 0.0001) 

and group (P= 0.013) on response accuracy, as well as a significant task × group 

interaction (P = 0.01). Pairwise comparisons with Bonferroni corrections showed 

significant differences between the two groups and the two tasks (* p<0.05, ** p<0.01, 

*** p<0.0001, Error bars, ± SEM). 

 

3.3.1 fMRI Results 

The two judgment tasks had similar blood oxygen level-dependent (BOLD) activation 

in pIFG (BA 44/9) between the literate and illiterate subjects (Fig.3). A minimum cluster 

size of 100 mm3 and an individual voxel threshold of P<0.01 (corrected) were used. 

Similar to previous findings (3.19; 1.14; 1.16), Chinese characters yielded the most 

extensive activation in the inferior frontal gyrus and insula. The figure judgment task 

yielded a small amount of activation in the pIFG; the activated area was smaller than the 

brain area activated by character tasks. When we implemented a GLM for the pIFG 

mask, we found similar activation models as whole brain analyses (Fig. 4, Tab. 2). 
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Figure 3.3. Results for character vs. rest and figure vs. rest for literate and illiterate  

subjects. Activation was visible through the inflated cortex. The activation intensity is 

indicated by regions in red to yellow. The circles indicate the activation of areas pIFG. A 

voxel threshold of P < 0.01, corrected with FDR, and a minimum cluster size of 100 

mm3 were used. 

 

 

 

Figure 3.4. Results for character vs. rest and figure vs. rest for the literate and 

illiterate subjects in the mask of pIFG. Activation was visible through the inflated cortex. 

The activation intensity is indicated by regions in red to yellow. A voxel threshold of P < 

0.01, corrected with FDR, and a minimum cluster size of 100 mm3 were used. 
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Table 2 Talairach coordinates of peak voxels and volume sizes of activations in the pIFG 

Literate Illiterate 

Coordinates (mm) Coordinates (mm) Cont
rast Side Cluster size 

(mm3) t(12) (peak)
x y z 

Side
Cluster 

size 
(mm3) 

t(12) 
(peak) x y z 

Char
acter L 5876 7.61 -44 3 27 L 4915 9.37 -44 7 27 

 R 6361 6.82 43 1 24 R 5769 8.31  43 7 33 
Figur

e L 351 4.66  -49 4 15 L 904 5.03  -49 4 15 

 R 395 4.52 58 7 27 R 1399 5.37  49 4 11 

  R 163 3.99  58 4 11             

 

To further assess the roles of the pIFG in processing characters and figures in literate 

and illiterate subjects, we extracted beta values in the pIFG mask as BOLD presented 

signal changes for the two tasks and the two subject groups (Figure 3.5). For the 

bilateral pIFG, in which the character task resulted in greater activation than the figure 

task, two-way repeated-measures ANOVA demonstrated a significant main effect of task 

in the left [F(1, 22) = 38.91, P<0.0001] and the right [F(1, 22) = 22.69, P< 0.0001]  

pIFG, but no significant task × group interaction. Pairwise comparisons with Bonferroni 

corrections showed that a significant difference existed between the activation levels for 

the figure task and character task in the left pIFG (literate, [F(1, 22) = 23.59, P< 0.0001], 

illiterate, [F(1, 22) = 15.72, P= 0.001]) and in the right pIFG (literate, [F(1, 22) = 13.31, 

P= 0.001], illiterate, [F(1, 22) = 9.54, P= 0.005]). In addition, there was no difference in 

the BOLD response between the two hemispheres of literate and illiterate subjects.  

 

Figure 3.5. The BOLD percentage signal change of the ROI in the left and right IFG 

(BA 44/9). Two-way repeated-measures ANOVA demonstrated a significant main effect 
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of task in the left and right pIFG (P<0.0001, respectively). A significant difference 

existed between the activation levels for figures and characters in the left IFG (literate, p 

< 0.0001; illiterate, p = 0.001) and in the right IFG (literate, p = 0.001; illiterate, p = 

0.005). * p<0.01, ** p<0.001, *** p<0.0001, Error bars, ± SEM. 

 

3.4 Discussion 

This present study investigated the neural mechanisms of visuospatial processing of 

Chinese characters in literate and illiterate Chinese subjects. Character judgment tasks 

had longer response times and lower response accuracies than figure judgment tasks. 

Moreover, with character judgment, illiterate subjects had longer response times and 

lower response accuracies than illiterate subjects. These behavioral results reflect the 

different cognitive demands involved in the two tasks for the two subject groups. For 

character tasks, as opposed to figure tasks, literate and illiterate subjects both had similar 

BOLD responses in the pIFG. These behavioral and cognitive profiles were mirrored by 

fMRI activation dynamics.  

Orthographic and Phonological Processing in IFG for Literate Subjects 

Previous studies have demonstrated that the posterior left inferior frontal regions are 

involved in visual word and letter processing. This area is purportedly active in the 

general encoding of orthographic strings, grapheme-to-phoneme conversion and 

phonological processing (3.7; 3.13; 3.17; 3.23; 3.32). For example, some studies have 

reported that the left IFG responded more to the naming of letters and objects than to the 

matching of letters or objects (3.17; 3.18). These studies suggest that this region may be 

involved in grapheme-to-phoneme translation or the retrieval of phonological codes for 

letter names. Another study on letter detection from the noise picture reported that the 

same region in the left IFG was activated more by difficult letter detection tasks than by 

easy letter detection tasks (3.23). In our study, the Talairach coordinate (-44, 3, 27) of 

the peak activation voxel for character form judgment was similar with these previous 
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studies (-47, 5, 27). On the other hand, some studies on the neural processing of Chinese 

characters reported regularity effects in left inferior frontal regions (BA 44/9), 

suggesting that the contribution to orthographic to phonological transformation is 

generalizable across languages (3.2; 3.22; 3.33). Kuo et al. (3.19) used an experimental 

paradigm similar to that used in the present study and found that the activation in the left 

inferior frontal regions worked in concert with the phonological processing of Chinese 

characters. Furthermore, even though the participants in our study were instructed to 

respond only to whether the two characters were identical or not using a response key 

during the scanning sessions, they reported having silently read the other letters during 

testing. Therefore, the activation of the left IFG in our study may be due to the 

grapheme-to-phoneme translation and the phonological processing involved in the act of 

comparing characters. 

With regard to the right IFG, there is evidence to suggest that the right inferior frontal 

gyrus is involved in reading Chinese (3.26; 2.34) and mediates episodic memory 

processes by which one retrieves spatial features of perceived objects (3.20). A more 

recent study demonstrated that the right IFG may have a function in orthographic 

processing (3.19). This study reported that viewing Korean-like nonsense figures 

involved the right middle frontal gyrus for processing, compared with true characters or 

pseudo-characters (3.19). In our study, the Talairach coordinate (43, 1, 24) of the 

activation in the right IFG was similar with the prior study (47, 5, 27). Liu et al. 

measured brain activation during three character tasks, which required processing of 

orthography, phonology, or semantics of Chinese characters. They observed comparable 

neural activity in the right middle frontal gyrus in all three character tasks that always 

demanded orthographical processing (3.21). Above all, the present study suggests that 

the right middle frontal gyrus and the pIFG participate in processing the orthography of 

Chinese characters, while the left pIFG mediates access to phonology in achieving 

Chinese character form judgment.  

Visuospatial Processing in IFG for Illiterate Subjects  
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The impact of literacy is reflected in different spheres of cognitive functioning. 

Learning to read reinforces and modifies certain fundamental abilities, such as verbal 

and visual memory, phonological awareness, and visuospatial and visuomotor skills 

(3.1; 3.6; 3.9; 2.29; 3.28). Functional imaging studies are now demonstrating that 

literacy and education influence the pathways used by the brain for problem-solving 

(3.1; 3.9). Previous studies have indicated that illiterate subjects have no elaborate link 

between vision and language in either alphabetical or logographic languages (1.14; 3.24). 

The visual word form is different for literate and illiterate individuals. It is conceivable 

that the two subject groups engage in different types of cognitive processing in solving 

the tasks investigated in this study (1.12). In the present study, illiterate subjects were 

asked to judge Chiese character forms and simple figures. The behavioral results 

revealed that for character judgment illiterate subjects had longer response times and 

lower response accuracies than the literate subjects. This behavioral difference 

demonstrates that illiterate subjects, when performing form judgment, required more 

visuospatial processing and visual attention than literate subjects (1.14; 1.12).  

Character form judgment aroused more extensive activation than figure judgment in 

the bilateral pIRG (BA44/9). This locus is quite consistent with the results for literate 

subjects. The abovementioned studies have demonstrated that the inferior frontal regions 

are involved in the general encoding of orthographic strings and grapheme-to-phoneme 

conversion in literate subjects (3.7; 3.13; 3.17; 3.22; 3.23; 3.32; 2.34; 3.33). However, 

illiterate subjects have no elaborate link between vision and language in either 

alphabetical or logographic languages (1.14; 3.24). For this reason, we propose that the 

activations in illiterate subjects may reflect general visuospatial processing, rather than 

phonology, semantics, or other linguistically related processes. One explanation for this 

finding is provided by Heekeren et al. (3.14), who suggested that the IFG is related to 

decision making in a state of uncertainty and that the activation of this region increases 

with the level of uncertainty surrounding a decision. A greater BOLD response occurred 

when more concentration was required to process a task accurately (3.4; 3.14). In our 
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study, the illiterate participants, who had more difficulty responding, may make 

decisions concerning character identification with less certainty. Thus, the bilateral 

frontal gyrus would participate in the visuospatial processing of Chinese characters in 

achieving form judgment.  

3.5 Conclusion  

  In the present study, we found that the BOLD response patterns were different in the 

IFG for two different judgment tasks. The literate and illiterate subjects had similar 

BOLD responses in the pIFG during character tasks and figure tasks. However, the IFG 

likely played a different role in Chinese character form judgment for each subject group. 

For literate subjects, the right pIFG participated in the processing of the orthography of 

Chinese characters, while the left pIFG mediated access to phonology in achieving 

Chinese character form judgment. For illiterate subjects, the bilateral frontal gyrus 

participated in the visuospatial processing of Chinese characters in achieving form 

judgment. 
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Chapter 4 
 

Different Role of the Inferior Parietal Lobule between 

Literate and Illiterate Subjects during Chinese Character 

Voice Processing  

 

Summary 
Chinese is a logographic language system that differs from alphabetic languages, and 

some of the neurocognitive mechanisms underlying Chinese character hearing also 

differ from those underlying alphabetic word hearing. However, whether education level 

effects the neural activation associated with phonological processing of Chinese is still 

unknown. In the present study, 11 Chinese illiterate and 11 literate (age-matched) 

subjects participated in an event-related fMRI experiment with Chinese character voice 

discrimination and pure tone discrimination tasks. All subjects were asked to listen the 

character voice or pure tone pairs and discriminate whether the character voice or pure 

tone of each stimuli pair were the same or not using response keys. Both literate and 

illiterate subjects activated a widely distributed cerebral network, including the bilateral 

inferior, middle and superior frontal gyri, superior temporal gyrus and parietal lobe, in 

the Chinese character voice discrimination task. Finally, we directly compared the 

activations of literate subjects with illiterate subjects. The results suggest that the 

bilateral parts of the posterior inferior parietal lobule are more active for literate than 

illiterate subjects in the Chinese character voice discrimination task and the right 

posterior inferior parietal lobule are more active for literate than illiterate subjects in the 

pure tone discrimination task. We found that the left parietalis inferior parietal lobule 

and left superior temporal gyrus are more active for illiterate than literate subjects in the 

pure tone discrimination task. Therefore, the present results may indicate that education 

level effects the neural activation associated with the voice processing of Chinese. 

 
Key words: Illiterate, Literate, Chinese character voice, Pure tone, fMRI 
 

4.1 Introduction 

  Previous neuroimaging studies performed using functional magnetic resonance 

imaging (fMRI) or positron emission tomography (PET) have shown the different 

activation patterns for alphabetic languages (e.g. English) and logographic languages 
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(e.g. Chinese characters) [4.4; 4.10; 2.28; 2.27; 2.29; 1.15; 1.16; 2.33]. The utilization of 

alphabetic language information preferentially involves the left inferior frontal cortex 

(IFC), the left medial temporal lobe (MTL), and the left temporal occipital area [4.2; 

4.6]. Learning an alphabetic written language modulates the auditory–verbal language 

system in an important way; meanwhile, the functional architecture of the brain is 

adjusted by literacy [2.27; 2.29]. Chinese logographic characters differ in that they have 

square configurations of similar size, are packed by a number of strokes, and map onto 

morphemes rather than direct phonemes [4.12; 1.26]. Accordingly elaborative 

visuospatial processing is necessary for the Chinese logographic system [2.34, 1.17; 

4.16].  

    Illiteracy for social reasons is still common in some parts of the world including the 

old society of China. The study of illiterate subjects and their matched literate subjects 

provides an opportunity to discover the contributing effects of cultural and 

neurobiological factors on cognitive development and the functional organization of the 

human brain [2.29]. Language processing, the intentional and explicit figure over 

aspects of phonology, syntax, semantics and discourse, can be influenced by different 

socio-cultural backgrounds in literates and illiterates owing to its important role in 

cognitive neuroscience. In addition to their knowledge of grapheme to phoneme and 

semantics correspondence, literate individuals differ from illiterates in that they have 

been exposed to formal schooling. Formal education not only brings about reading and 

writing skills, but also provides more effective cognitive strategies for problem solving 

and information processing such as vocabulary, associative learning, working memory, 

etc. These skills typically get improve as one advances through the educational system, 

as evidenced in previous studies through many neuropsychological measures [4.8; 4.9]. 

It seems that these skills are supported by pre-adapted brain structures, which are brain 

structures that have evolved to serve specific functions at the phylogenetic level, but 

have come to serve as a means to a different end at the ontogenetic level [1.12]. It was 

suggested that the parallel interactive processing characteristics of the underlying 

language-processing system of the brain can be influenced and somewhat determined by 

literacy [4.3; 2.28; 2.27; 2.29; 4.13]. Therefore, the pattern of interactions between the 

regions of the large-scale functional-anatomical network for language processing differs 

between literate and illiterate subjects either from the phonological aspect or by 

orthographic representation in a visuographic input-output code.  

  Previous findings by behavioral and functional neuroimaging methods indicate that 

alphabetically illiterate individuals process phonological information differently than 

literate subjects [4.3; 2.28; 2.27; 2.29]. For example, illiterate subjects have greater 

difficulties with certain tasks involving phonological processing including pseudoword 
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repetition [2.29] and verbal fluency with a phonological criterion [4.13], and digit span 

[2.27]. It was strongly suggested that these differences are related to the interaction 

between Broca’s area and the inferior parietal cortex as well as the posterior-midinsula 

bridge between Wernicke’s and Broca’s area [2.27]. Therefore, these findings may 

suggest that education level determines the functional organization of the adult brain and 

that the effects of literacy and formal schooling influence language-related skills. 

Moreover, Li and colleagues (1.14) also demonstrated the effects of education level on 

the neural activation associated with phonological and semantic processes (i.e., silent 

word recognition and silent picture-naming tasks) in Chinese literate and illiterate 

subjects. However, the logographic nature of Chinese characters has a closer 

relationship between shape and meaning than alphabetical words. How education level 

affects the neural activation associated with phonological processing of Chinese 

characters remains unclear.  

  In the present study, we used event-related fMRI to examine the effects of education 

level on brain activation related with phonological processing of Chinese. Specifically, 

we used auditory Chinese character voice discrimination and pure tone discrimination 

tasks with literate and illiterate subjects. The results demonstrate that brain activation in 

the bilateral parts of the posterior inferior parietal lobule are more active for literate than 

illiterate subjects in the Chinese character voice discrimination task and the right 

posterior inferior parietal lobule are more active for literate than illiterate subjects in the 

pure tone discrimination task. We found that the left parietalis inferior parietal lobule 

and left superior temporal gyrus are more active for illiterate than literate subjects in the 

pure tone discrimination task. 
 

4.2 Methods 
4.2.1 Participants  
  In this fMRI study, subjects were classified as illiterate or literate. All subjects were 

Chinese by birth grew up in the North China, spoke only Chinese, and were healthy. No 

subjects were using drugs or alcohol had any history of neurological disease, systemic 

disease known to involve central nervous system functioning, clinically significant head 

injury, or mental retardation. 

 The members of the illiterate group had never entered school for social reasons and had 

no knowledge of reading or writing. This definition of illiteracy should be distinguished 

from functional illiteracy which is not considered in this study. All illiterate subjects 

were fully socially functional, and the absence of reading and writing skills was not a 

significant handicap in their everyday life. In the course of the selection process, all 
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subjects underwent cognitive tasks of identifying simple Chinese characters. Illiterate 

subjects were included if they were unable to recognize any of the simple Chinese 

characters. The ability to write their names by themselves was not an exclusion criterion. 

None of them could write or speak a second language. In the BCAT1 (Basic Character 

Ability Test 1), less than sixteen pieces of Chinese characters were understood. 

  All literate subjects were almost college teachers in Shenyang city, and in the BCAT1, 

more than 88 pieces of Chinese characters were understood. 

  Twenty-two right-handed participants were included in this study: five male and six 

female illiterate subjects with an average age of 47.91 years (range 34-57) and 0-1 years 

of schooling and five male and six female literate subjects with an average age of 43.91 

years (range 30-55) and 12-16 years of schooling. All subjects have no significant 

difference in the age (p<0.119), sex (p=0.676) and have significant difference in the 

IQ(P<0.0001)  and socio-economic(P<0.0001), As shown in the table2, the literate and 

illiterate had normal intelligence quotient (IQ, 90-110). The social-economy index of 

illiterates was signification lower than the literate when they times to enter to school. 

The results of questionnaires suggested that illiteracy was due to the social-economy 

condition of them, and was not due to overt low intelligence, learning disability. They 

were selected and participated in the fMRI study with informed written consent. For the 

illiterate and literate subjects, we explained the details of the information form and the 

consent form for them before we obtained their fingerprints or signature. The protocol 

was approved by the Ethics Committee of the Shengjing Hospital of the China Medical 

University. 

Questionnaire 

We had a questionnaire test to select the 58 illiterates from 200 ill-educated volunteers. 

The questionnaire was performed orally by the interviewers and contained eleven 

questions concerning the volunteer`s understanding of Chinese characters and 

educational condition. 

Basic Character and Figure Ability Test (BCAT and BFAT)  

In order to determine the final literate and illiterate subjects, all subjects were required 

to take the BCAT 1, 2 and BFAT (Tab.1). The number of identified Chinese characters 

for the literate and illiterate subjects was investigated. 100 common Chinese characters 

selected from the Chinese textbooks of primary school were shown to the subjects one 

by one to determine whether the subject understood the characters and the results were 

recorded. The illiterates who understood less than 20 of the 100 characters were 

included in our study and could continued with the following steps. In BCAT2 and 

BFAT, we had 20 visual signs and 40 hearing words from Joan et al [2.31]. The aim of 

the two tests was to investigate the simple figure naming abilities and hearing abilities of 
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the subjects to exclude those who were pathologically illiterate. Finally, we got 23 

literate subjects w and 25 illiterate subjects were selected with the illiterate subjects 

being illiterate for merely socio-cultural reasons. 

 
Table 1. The database of subject information: M-male, F-female. The degree of education is displayed 

in years of school education. The results of basic character ability test 1 (BCAT 1), 2 (BCAT 2) and 

basic figure ability test (BFAT) are displayed in the scores of BCAT1, 2 and BFAT. There were 100 

Chinese characters in the BCAT1, 20 figures in the BCAT2 and 40 words in the BFAT. 

Literate Illiterate
Famale/Male 6/7 6/7
Age 48.7 ± 5.2 45.8 ± 10.1
Years of school education 15.7 ± 1.2 0.0
Scores of BCAT1 97.3 ± 3 4 ± 5.6 *
Scores of BCAT2 39.8 ± 0.6 38.4 ± 2.2
Scores of BFAT 20 ± 0 20 ± 0
Scores of IQ 110.2 ± 6.7 92.4  ± 4.6 *
Socio-economic 450  ± 87.4 109.3  ± 107.8 *
* p < 0.001  
 

 

Behavioral experiments 

  In order to maintain the feasibility of this study, we had a behavioral experiment. 

When sounds of character voice pairs or pure tone pairs were presented, the subjects 

were required to judge the stimuli (similar to those during fMRI stimuli as detailed in 

the following steps) as quickly as possible. The response time and response accuracy of 

the subjects were recorded simultaneously. There were 36 pairs of Chinese character 

voice stimuli and 36 pairs of pure tone stimuli in this behavioral experiment. 
4.2.2 Stimuli 
  Seventy-two pairs of both Chinese character voice (thirty-six pairs) and pure tone 

(thirty-six pairs) were used during fMRI experiments (Tab.2). All of the subjects were 

asked to perform the experimental task as quickly and accurately as possible. The 

subjects were required to press the right key with their right thumb when they discerned 

the two character voice or pure tone to be the same, as shown in the cases in Table 2, 

and press the left key with their left thumb when they discerned them to be different, as 

shown in the cases in Table 2, respectively. 
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Table 2. Examples of experimental stimuli used in the experiment, the subject judged whether the two 

Chinese character voice or two pure tone were the same or not. 

TASK "Yes"trial "No"trial

Chinese character Vioce Qiáo       Qiáo Miǎo       Miào

Discrimanition Huáng    Huáng Mù          Dù

Pure Tone 500Hz    500Hz 500Hz     1000Hz

Discrimanition 1000Hz  1000Hz 1000Hz   500Hz

 

 

4.2.3 Task and procedure 
  145 fMRI volumes of images were collected during each run, which consisted of one 

task. An event-related design was used. Each pair of Chinese character voice or pure 

tone was shown through the projector lasting for 100ms, with an interpair interval of 

5000ms between the stimuli. Each task consisted of 36 pairs of Chinese character voice 

and 36 pairs of pure tone. During MRI acquisition, the stimuli were presented using a 

custom-designed program on a personal computer (PC) and earphone outside the 

shielded room at the ear of the subject. 
4.2.4 MR data acquisition 
  All MRI studies were performed on a 3T Philip signal scanner at the Shengjing 

Hospital of the China Medical University. Blood oxygenation level-dependent (BOLD) 

fMRI signal data were collected using a quadrature birdcage head coil. For the fMRI 

scan, 36 continuous 3.5mm T2*-weighted echo-planar images (EPI) were acquired with 

the following scan parameters: TR=2000 ms, TE=30 ms, flip angle (FA) =90°, slice 

thickness=3.5mm, FOV =192×192 and matrix=64×64. An anatomical whole brain 

MRI was acquired using a T1-weighted spin echo sequence with TR=9.5ms, TE=4.6ms, 

slice thickness=1.2mm matrix=256×256. 
4.2.5 Data analysis 

Statistical Parametric Mapping 5 (SPM5, by members & collaborators of the Welcome 

Department of Imaging Neuroscience) software and Matlab7.0 were used for the image 

and statistical analyses. For the functional image analysis, we first used MRIcro 

(http://www.cabiatl.com/mricro/) to convert the DICOM files to NIFTI files. In each 

task, the first four functional images were discarded. 145 fMRI image volumes were 

realigned spatially to the first volume of the first time series. The movement parameters 

generated during spatial realignment indicated that all sixteen participants moved less 

than 2mm. Realigned images were spatially normalized using the standard EPI template 
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in  the Montreal Neurological Institute (MNI) reference brain coordinate space and 

re-sampled into 2×2×2mm voxels [2.13]. Normalized images were smoothed with an 

isotropic 8 mm FWHM (full-width half maximum) Gaussian kernel.  

Statistical analysis was performed in two stages of a mixed-effects model. In the 

first-level analysis, the BOLD response was modeled as the neural activity convolved 

with a canonical hemodynamic response function (HRF) [2.13] to yield regressors in a 

general linear model (GLM) for each condition (Chinese character voice discrimination 

task vs Control task, pure tone discrimination task vs Control task, and Chinese 

character discrimination task vs pure tone discrimination task). The time series in each 

voxel were high-pass filtered to remove low-frequency noise and scaled within session 

to a grand mean of 128. Nonsphericity of the error covariance was accommodated by an 

AR(1) (first-order autoregressive) model, in which the temporal autocorrelation was 

estimated by pooling over suprathreshold voxels.  

At the second level, To identify the whole brain activation for Chinese character voice 

discrimination task vs Control task, pure tone discrimination task vs Control task, 

one-sample t-test analysis was carried out for each of the two contrasts. Only effects 

surviving a FDR-corrected threshold of p<0.005 and including 50 or more contiguous 

voxels were interpreted. One-sample t-test and two-sample t-test were conducted to 

create a random effect Statistical Parametric Mapping {T} for all comparisons. In order 

to rule out the learning disabilities, socio-economic differences between the literate 

subjects and the illiterate subjects, we have the covariates in the estimate of specify 

2nd-level. Significantly activated voxels were identified if they reached the height 

threshold of P<0.05 FDR-corrected and the extent threshold of 50 or more contiguous 

voxels were interpreted. The mean percent of the BOLD signal responses were extracted 

from the peak voxel in clusters of significant voxels to characterize activation in these 

regions. The brain regions were labeled using Talairach and Tournoux, after adjustments 

for differences between the MNI and Talairach coordinates. 

In order to further evaluate the significant difference of regional signal change between 

the two conditions, the anatomical ROIs noted above were used to extract the averaged 

data out of the first level individual subject statistical analysis. For each ROI, there were 

total 44 measurements from 2 conditions and all 22 participants. Data were then used in 

repeated measures analysis of variance (Independent-Samples T-Test; SPSS 16.0 for 

Windows) with equal variances assumption. Bonferroni correction at p < 0.05 was used 

for the post hoc multiple comparison to test the pair-wise comparisons. 

As a result of the realignment and preliminary brain activation results, data for 

twenty-two participants were discarded due to either obvious head movement (>2mm) 

or insufficient attention to the experimental task because their behavioral experiment 
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accuracy during one of the two tasks was below 80%. 
4.3 Results 
4.3.1 BHV results 
  In Figure 4.1, the average reaction time and response accuracy of the subjects are 

shown, which are consistent with in the results from the behavioral experiment. It reveal 

that longer response time (RT) and lower response accuracy for Chinese character 

discrimination tasks than pure tone discrimination tasks. A repeated ANOVAs of stimuli 

(Chinese character versus pure tone), group (literate subjects versus illiterate subjects) 

for response time revealed a significant interaction significant difference among 2 

factors [F(1,20) =11.75, P<0.002], and significant differences among the stimuli[F(1,20) 

=205.9, P<0.00001] and group [F(1,20) =9.48, P<0.005]. For response accuracy, there 

was a significant difference among stimuli [F(1,20) =9.61, P<0.005], but no significant 

different between literate and illiterate subjects. 

 

 
Figure 4.1. Average reaction time and response accuracy in fMRI behavioral experiments. 

IL: Illiterate Language; IF: Illiterate Figure; LL: Literate Language; LF: Literate Figure. 

Significant difference in response (P<0.001). 

 

4.3.2 fMRI results 
Significant activations were detected during the Chinese character voice and pure tone 

stimuli in the two groups (literates and illiterates). Figure 4.2 shows maps of the average 

activation (n=11) for the Chinese character voice discrimination and pure tone 

discrimination tasks. The regions of significant activation during the two tasks relative 

to the resting state are shown in Table 3 for each group.  
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Figure 4.2. Functional brain maps during the language stimuli and figure stimuli in the 

literate and illiterate subjects. The mean normalized brain maps are overlaid on the 

corresponding T1-weighted images showing significant activation (in color; p<0.05, 

Corrected FDR cluster size>50voxels) for 11 literate subjects (A) and 11 illiterate subjects 

(B).L, left hemisphere; R, right hemisphere. 
 

  Chinese character voice discrimination task vs pure tone discrimination task for the 

literate subjects versus illiterate subjects: As shown in Figure 4.3 comparing the literate 

and illiterate subjects the literate group showed more intense activations (corrected for 

the whole brain) than the illiterate group in the include the MOG/FG: middle occipital 

gyrus/fusiform gyrus, STG/ATT superior temporal gyrus/anterior transverse temporal 

gyrus, MFG/SLF: middle frontal gyrus/Superior longitudinal fasciculus, MFG: middle 

frontal gyrus, IPG/SFG: inferior parietal gyrus/superior frontal gyrus, IFG: inferior 

frontal gyrus, PFC: prefrontal cortex, PhcG: parahippocampal gyrus, ACC/PCC: 

Anterior cingulate cortex/ Posterior cingulate cortex, and MTG: middle temporal gyrus 

and the illiterate group showed more intense activations (corrected for the whole brain) 

than the literate group in  include the MOG/FG: middle occipital gyrus/fusiform gyrus, 

STG/ATT superior temporal gyrus/anterior transverse temporal gyrus, MFG/SLF: 

middle frontal gyrus/Superior longitudinal fasciculus, MFG: middle frontal gyrus, 

IPG/SFG: inferior parietal gyrus/superior frontal gyrus, IFG: inferior frontal gyrus, PFC: 

prefrontal cortex, PhcG: parahippocampal gyrus, ACC/PCC: Anterior cingulate cortex/ 

Posterior cingulate cortex, and MTG: middle temporal gyrus. 
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Table 3. Stereotactic coordinates, Z values, and corresponding Brodmann areas (BAs) for 

regions with signification activation (Brain activations by Chinese character voice versus 

pure tone stimuli in the literate and illiterate subjects) 

Brodmann
Functional region area Side x y z Z value x y z Z value
Literate
STG/ATT 22/41/42 L -32 -27 5 3.49 -32 -29 7 3.78

R 38 -25 7 4.56
STG 20/21/38 L -50 -3 -11 4.74 -48 -3 -23 4.95

R 45
MFG/SLF 2/4/6/8 L -24 -5 40 4.66 -8 1 53 4.93

R 41 3 39 5.92 33 -9 45 4.72
IPG/SFG 7/40 L -8 -77 31 3.71

R 3 -50 50 4.01 4 -73 28 4.43
IPC 39/40 L -40 -60 20 3.98

R 36 -54 36 4.04 36 -56 36 4.17
PFC 13/44/45 L -34 10 27 4.15

R 40 20 11 4.44
IFG 47 L -52 -36 8 4.41

R 31 28 -15 5.24
PhcG 35 L -22 -19 -24 3.69

R
AAC/PCC 31 L 1 -44 27 3.56 1 -42 26 3.84

R -11

Illiterate
22/41/42 L -41 -21 -1 4.58 -40 -25 -2 4.76

STG/ATT R 57 -23 0 4.97 36 -32 7 4.54
20/21/38 L -55 -9 -11 4.95

STG R 57 -32 0 4.67 43 6 -19 3.66
4/6/8/9 L -8 4 53 5.11 -6 1 44 4.81

MFG/SLF R 19 6 49 5.12 38 1 42 5.47
7/40 L -25 -73 35 4.07

IPG/SFG R 4
39/40 L -27 -38 45 3.7

IPC R
47 L

IFG R 26 24 -4 4.56 26 24 -4 3.91

Pure tone-baselineChinese character voice-baseline

-11 -34 4.28

-60 20 3.67

-62 34 3.13
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Figure 4.3. Functional brain maps during the language stimuli versus figure stimuli in the 

literate subjects and illiterate subjects. The mean normalized brain maps are overlaid on the 

corresponding T1-weighted images showing significant activation (in color; p<0.05, 

Corrected FDR cluster size>50voxels) for 11 literate subjects (A) and 11 illiterate subjects 

(B).L, left hemisphere; R, right hemisphere. 

 

  To investigate the differences in brain activation of literate Chinese character 

discrimination task vs illiterate Chinese character discrimination task contrast, regions 

of interest (ROIs) with spheres 8 mm in diameter in the bilateral IPL and STG were 

identified for all subjects. In addition, we plotted the histograms using percent signal 

change in Figure 4.4.  
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Figure 4.4. The results of region of interest (ROI) during language stimuli versus fixation 

stimuli in the literate versus illiterate subjects. The mean normalized brain maps are overlaid 

on the corresponding T1-weighted images showing significant activation (in color; p < 

0.0001, Uncorrected cluster size > 50voxels) for 11 literate subjects and 11 illiterate subjects. 

L, left hemisphere; R, right hemisphere. 

 

4.4 Discussion 
  Amongst others [2.27; 2.28; 2.29; 1.14], our present study focused on the effects of 

literacy on neural activation. The discrimination of characters and figures may involve 

cognitive aspects of attention, language (written word) and visual perception. As shown 

in Fig. 2, our findings in the results of the behavioral task indicate that the literate 

subjects were able to more easily recognize both characters and figures than the 

illiterates. Our positive findings after a comparison analysis of literates to illiterates and 

the negative findings of illiterates to literates in either task further indicate that visually 

discriminating between Chinese characters (Fig. 3) and/or figures (Fig. 3) requires more 

mental resources in literates. This agrees with Petersson’s previous studies, which 

indicated that the effects of literacy and formal schooling are not limited to language 

related skills but also other cognitive domains, such as 2D visual naming skills [2.29]. 

From our study, a more intense activation pattern of literates can be declared when 

visually processing Chinese characters. 
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  Agreeing to Li’s study on Chinese literates and illiterates, we found some similar 

activation regions, the left inferior frontal gyri (BA44/45) and the left fusiform gyrus 

(BA37). Left inferior frontal gyri (BA44/45), as main parts of Broca’s area, are 

associated with language functions, such as phonological and semantic processing [2.4], 

which have also been implicated in processing pictographic language information [2.33; 

2.34]. The left fusiform gyrus (BA37) is a VWFA region and from our study, may 

mediate phonological/lexical processes, which is also suggested in Li’s previous study 

[1.14]. It suggests that unlike the r-ROI (right-Region Of Interest), the l-ROI (left- 

Region Of Interest) may be involved in  prelexical character processing, creating an 

abstract representation of visual word forms [4.14; 4.15]. In the illiterate group, on the 

other hand, the two ROIs were equally sensitive to both stimuli, and hence, the locations 

of their peak voxels were substantially symmetrical with respect to each other. This is 

probably due to their inability to read which prevented them from formulating a 

lateralized specific area in the occipito-temporal region to utilize the visual word access 

towards a higher stage of lexical or phonological processing. Years of education help 

people gain expertise in reading by frequently linking visual words to their 

corresponding phonological and lexical knowledge. All of our literate participants 

learned to read and write at an early age, which in turn influenced the functional 

organization of their adult brain [1.14; 3.19]. Visual word recognition, according to 

some cognitive models, requires orthography information at an initial stage for later 

processing. This facilitates the encoding/decoding of the word-form within the 

occipitoi-temporal region. Along with an extensive experience with reading, this region 

is gradually shaped into a word-selectivity area in literate adults. In addition, its left 

lateralization may occur due to easy access to a language network, which domains the 

left hemisphere of the brain. 

 

4.5 Conclusion 
  In conclusion, the constellation of neural substrates constitutes a differently 

distributed network for character discrimination between literates and illiterates. The 

different and more intense activation pattern of literates to illiterates suggests that 

literacy affects brain plasticity by enhancing its valence and remolding its functional 

areas in language processing. 
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Chapter 5 

Differential Activity of Phonological and Orthographic 

Processing of Japanese Word: an fMRI Study 

 

Summary 
Using functional magnetic resonance imaging (fMRI) or positron emission tomography 

(PET), much knowledge has been gained in understanding how the brain is activated 

during controlled experiments of language tasks in alphabetic subjects and in Chinese 

subjects. While previous studies have compared performance between alphabetic and 

Chinese subjects, few data were about Japanese-speaking individuals. In this study, we 

used fMRI to investigate brain activations in processing Japanese phonological and 

orthographic by visual tasks in six Japanese subjects. Different activation patterns were 

observed between phonological and orthographic processing. We conclude that 

constellation of neural substrates was different for phonological processing. 

 
Key words: Japanese; phonological; orthographic; fMRI. 

 

5.1 Introduction 

  Previous Previous neuroimaging studies by using functional magnetic resonance 

imaging (fMRI) or positron emission tomography (PET) have shown the different 

activation patterns of alphabetic language (eg. English) and logographic language (eg. 

Chinese characters) [5.1; 5.2; 1.15; 4.10; 2.27; 2.28; 2.29; 1.16; 2.33]. Alphabetic 

language information utilization preferentially involves the left inferior frontal cortex 

(IFC), the left medial temporal lobe (MTL), and the left temporal occipital area [5.3; 

5.4]. Like as Chinese logographic characters, Japanese differ in that they have a square 

configuration of similar size, packed by a number of stokes, and map onto morphemes 

rather than direct phonemes [1.16]. 

A growing enthusiasm has emerged to exploit functional brain imaging and mapping to 

investigate the central representations of Chinese reading due to its architectural and 

linguistic uniqueness. Cross-linguistic comparisons cannot only shed light on the 

fundamental understanding of central mechanisms of language processing, but also the 

neuroplasticity that accompanies the development of reading skills under different 

language contexts [1.15]. Yet, the logographic nature of Chinese characters may 

engender a contention that there exists a closer relationship between shape and meaning 
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for Chinese characters than alphabetical words [5.5; 5.6], which in turn leads to a 

conjecture that reading Chinese characters would preferentially engage the ventral 

processing stream. Such reasoning is mainly based on brain imaging studies on Japanese 

kana (syllabary) and Kanji (Chinese character) reading. These studies on Japanese 

reading proposed that reading of kana depends on the dorsal stream from the occipital to 

the inferior parietal area while processing Kanji relies on the ventral stream from the 

occipital to the temporal cortex, in which the left mid-fusiform gyrus/occipitotemporal 

junction (OTJ) is of particular interest [5.7; 5.8; 5.9; 5.10; 5.11; 5.12]. This region has 

been dubbed the ‘‘visual word form area’’ in previous neuropsychological reports [5.13; 

5.14]. 

Japanese Kanji retain the orthographic architecture of Chinese characters, and each 

represents a lexical morpheme of spoken Japanese. Studies on brain lesions suggest 

that the processing of Kana (a phonetic-syllabic system used in writing Japanese) 

targets the dorsal stream(from the angular gyrus to Wernicke's area), whereas the 

processing of Kanji (the Japanese logographic system) mainly engages the ventral 

route (from the posterior inferior temporo-occipital area, PITOA, to Wernicke's area) 

of the left hemisphere [5.15]. This theory is supported by brain imaging studies [5.16; 

5.17; 5.18].  

 Our present study utilizes whole-brain 3T fMRI to observe brain response during 

simple visual comparison of paired Japanese phonological and orthographic in Japanese 

group. We hypothesize that different activation patterns were observed between 

Japanese phonological and orthographic processing. 
 

5.2 Methods 
5.2.1 Participants 

All MRI studies were performed on a 3T Philip signal scanner at Shengjing Hospital of 

China Medical University. Blood oxygenation level-dependent (BOLD) fMRI signal 

data were collected, and a quadrature birdcage head coil was used. For fMRI scan, 36 

continuous 3.5mm T2*-weighted echo-planar images (EPI) were acquired with the 

following scan parameters: TR=2000 ms, TE=30 ms; flip angle (FA) =90°; 

matrix=80×90. Anatomical whole brain MRI was acquired using a T1-weighted spin 

echo sequence with   TR/TE=shortest/2.3 ms. 

The stimuli, including Japanese phonologic and orthographic judgment,   were 

presented via a liquid crystal display projector and back-projected onto a projection 

screen placed at the head end of the scanner bore. Subjects could view the projection 

screen through a mirror attached to the head coil. Subjects were asked to perform the 
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task as quickly and accurately as possible. 

 

 
Figure 5.1. fMRI experiment device 

 
5.2.2 Stimuli 

In order to investigate the practicability of present device, a simple behavioral and 

fMRI experiment task was executed. 

There are six subjects in this fMRI study. All subjects were healthy Japanese by birth 

who grew up in the Japan and spoke only Japanese.  Averagely age were 22.08 years, 3 

males and 3 females. They were selected and participated in the fMRI study with 

informed written consent. We explained the details of the information form and the 

consent form for them before we obtained their fingerprints or signing. The protocol was 

approved by the Ethics Committee of Shengjing Hospital of China Medical University. 

96 pairs (Fig.2) of phonological judgment (48 pairs) and orthographic judgment stimuli 

(48 pairs) were adopted during fMRI experiments. All subjects were asked to perform 

the experimental tasks as quickly and accurately as possible. 

5.2.3 Task and procedure 
192 fMRI volumes of images were collected during each run. Each fMRI run consisted 

of one task. A block design was used. The subjects were asked to fix on a small 

crosshair during the resting period. Each pair of phonological judgment or orthographic 

judgment was shown through the projector lasting for 2500ms, with an interpair interval 

of 1500ms between the stimuli. Each task consisted of half phonological judgment and 

half orthographic judgment. The subjects should press the right key with their right 

thumbs when they judged the two stimuli to be same, and press the left key with their 

left thumbs when they judged them to be different. 
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Figure 5.2. Examples of experimental stimuli used in the fMRI behavioral experiment. The 

subject judged whether the two stimuli were same or not. A: phonological judgment stimulus, 

the same stimulus B: phonological judgment stimulus, the different stimulus C: orthographic 

judgment stimulus, the same stimulus D: orthographic judgment stimulus, the different 

stimulus. 

 

5.2.4 MR data acquisition 

5.2.5 Data analysis 
  Statistical Parametric Mapping 8 (SPM8) software and Matlab7.5 were used for the 

image and statistical analyses. At first, each of the 192 fMRI image volumes was 

automatically realigned to the first image of the time series to correct for head 

movements during the fMRI acquisition. Then, T1-weighted anatomical images were 

coregistered to the first scan in the functional images. Next, the coregistered 

T1-weighted anatomical images were normalized to standard T1 template images, as 

defined by the Montreal Neurological Institute. Finally, these spatially normalized 

functional images were smoothed with an isotopic Gaussian kernel of 8mm. 

 

5.3 Results 
5.3.1 BHV results 
  In behavioural experiment: Average reaction times and response accuracy across 

subjects in behavioural experiments were shown in Fig.3. Regarding the average 

reaction times, orthographic judgment task were shorter than the phonological judgment 

task. Regarding the average response accuracy, orthographic judgment task were higher 

than the phonological judgment task. 
5.3.1 fMRI results 

In fMRI experiment: Significant activations have been detected during the 

orthographic judgment task and phonological judgment task. Figure 5.4 and 5.5 showed 

the maps of average activation (n=6) for the orthographic judgment task and 

phonological judgment task respectively. Regions of significant activation during two 

tasks relative to the respective resting state in subjects are shown in Table 1 and 2. 
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Phonological judgment task: In this task, the results are briefly summarized: significant 

activations in:  the bilateral middle frontal gyrus (BA9/46,6), bilateral middle occipital 

gyrus (BA19,24), left MTL (BA37), red nucleus (BA27), insula (BA6), right inferior 

frontal gyrus (BA44), right inferior parietal lobule (BA40) and right post central gyrus 

(BA3), the left frontal gyrus (BA6/47), bilateral parietal lobule (BA7), red nucleus 

(BA30), left inferior parietal lobule (BA40), right middle temporal gyrus (BA37) and 

left middle occipital gyrus (BA19) (Figure 5.4). (P<0.001) 

Orthographic judgment task: In this task, the results are briefly summarized significant 

activations in:  the bilateral temporal gyrus (BA37,42) bilateral frontal gyrus 

(BA9/46,46) lateral sulcus (BA44) and superior longitudinal fasciculus, the bilateral 

fusiform gyrus (BA18,19), precentral gyrus (BA6) and cerebellums (Figure 5.5). 

(P<0.001) 

Phonological judgment task versus orthographic judgment task: the results are briefly 

summarized significant activations in:  the bilateral temporal gyrus (BA37, 42) 

bilateral frontal gyrus (BA9/46,46) lateral sulcus (BA44) and superior longitudinal 

fasciculus, the bilateral fusiform gyrus (BA18,19), precentral gyrus (BA6) and 

cerebellums (Figure 5.6). (P<0.05) 
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Figure 5.3. Average reaction time (a) and response accuracy (b) in behavioral experiments. 
Gray bars: phonological judgment.  Open bars: orthographic judgment. 
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Figure 5.4. Functional brain maps during the phonological stimuli. Mean normalized brain 
maps overlaid on the corresponding T1-weighted images showing significant activation (in 
color; p<0.001, cluster size>0voxels Uncorrected) for 6 Japanese subjects. L, left hemisphere 
(a); R, right hemisphere (b). 
 
 

 

 
Figure 5.5. Functional brain maps during the orthographic stimuli. Mean normalized brain 
maps overlaid on the corresponding T1-weighted images showing significant activation (in 
color; p<0.001, cluster size>0voxels Uncorrected) for 6 Japanese subjects. L, left hemisphere 
(a); R, right hemisphere (b). 
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Table.1 Stereotactic Coordinates, Z Values, and Corresponding Brodmann Areas (BAs) for 

Regions Activated Significantly (Brain activations by phonological stimuli in the Japanese 

subjects). 

x y z
Right middle occipital gyrus          17 15653 17 -102 -11 4.88
Left inferior parietal gyrus 40 15653 -27 -67 39 4.67
Right fusiform gyrus 37 15653 33 -40 -27 4.64
Left middle occipital gyrus            17 15653 -11 -85 2 4.63
Cerelellum 15653 -1 -54 -36 4.52
Left middle frontal gyrus 6 94 -31 -1 54 3.15
Left middle frontal gyrus 6 200 -41 1 24 3.64
Left middle frontal gyrus       9 200 -50 14 30 3.58
Right middle frontal gyrus 6 81 26 -7 38 3.6
Left middle frontal gyrus       46 383 -45 34 9 3.55
Right inferior frontal gyrus 47 29 17 10 -24 3.16
Left middle occi

3

pital gyrus            27 37 -20 -30 -7 3.16
Right inferior frontal gyrus 47 34 38 18 -12 2.98

Z value
coordinates

Brain Region BA Voxel

Talariach

 
P<0.001, uncorrected; cluster size>0voxels 
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Figure 6.6. Functional brain maps during the phonological stimuli versus orthographic 

stimuli. Mean normalized brain maps overlaid on the corresponding T1-weighted images 

showing significant activation (in color; p<0.05, cluster size>0voxels Corrected) for 6 

Japanese subjects. L, left hemisphere (a); R, right hemisphere (b). 
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Table.2 Stereotactic Coordinates, Z Values, and Corresponding Brodmann Areas (BAs) for 

Regions Activated Significantly (Brain activations by orthographic stimuli in the Japanese 

subjects 

x y z

Left superior parietal gyrus       40 247 -38 -69 24 5.22
Left inferior frontal gyrus         44/45 56 -52 14 9 4.06
Left fusiform gyrus 37 548 -47 -44 -4 3.8
Left inferior frontal gyrus 47 34 -32 28 -18 3.43
Left middle temporal gyrus 38 147 -27 8 -24 3.29
Left superior temporal gyrus 21 148 -45 6 -26 3.1

Z value
coordinates

Brain Region BA Voxel

Talariach

 
P<0.001, uncorrected; cluster size>0voxels 

 

Table.3 Stereotactic Coordinates, Z Values, and Corresponding Brodmann Areas (BAs) for 

Regions Activated Significantly (Brain activations by phonological stimuli versus 

orthographic stimuli in the Japanese subjects) 

x y z
Right middle occipital gyrus          17 15653 17 -102 -11 4.88
Left inferior parietal gyrus 40 15653 -27 -67 39 4.67
Right fusiform gyrus 37 15653 33 -40 -27 4.64
Left middle occipital gyrus            17 15653 -11 -85 2 4.63
Cerelellum 15653 -1 -54 -36 4.52
Right prefrontal cortex 45 830 40 28 12 5.1
Right middle frontal gyrus       9 830 40 8 23 4.19
Right middle frontal gyrus 6 830 43 3 33 3.36
Right middle frontal gyrus       46 830 48 30 22 3.24
Left inferior frontal gyrus 47 34 -24 20 -22 4.36
Left inferior frontal gyrus 47 290 -34 22 -4 4.16
Left middle temporal gyrus 38 290 -34 12 -3 3.7
Dorsal anterior cingulate 32 601 -3 26 31 3.9
Left middle frontal gyrus 6 601 -4 14 48 3.41
Superior longitudinal fasciculus 4 94 -40 -11 50 3.7

Z value

coordinates

Brain Region BA Voxel

Talariach

 
P<0.05, corrected; cluster size>0voxels 
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5.4 Discussion 
  In discussion: The acquisition of literacy over years of education is based on the 

development of elaborate links between vision and language. The visual system learns 

how to rapidly identify letters and letter clusters across a wide range of shapes and 

viewing conditions. Language processing, as an important part of cognitive 

neuroscience, definitely corresponds to certain areas of brain whose activation is related 

with changes of regional cerebral blood flow and can be recorded by fMRI. Like 

Chinese, Japanese is a logographic system, although not pure, where characters can not 

only symbolize whole morphemes but also represent phonemes. The orthographical 

aspect of lexical or word processing is the most fundamental stage of visual input and 

we want to clarify the activation pattern of brain in the stage of lexical access during 

visual recognition of Chinese characters. 

Japanese phonological judgment task 

  In this task, the activation in the right inferior parietal lobule (BA40), as major parts 

of Wernicke’s area, are strongly associated with the higher cognitive function of literates. 

It is probably due to the unique square spatial configuration of Chinese characters, the 

routine activation of which was shown in some other spatial working memory tasks 

[3.19]. Also the activation of BA40 may imply the stronger attention of phonology in 

literate subjects than in illiterate subjects. There is no wonder about the activation of 

right middle frontal gyrus (BA9) owing to its verified strong relation with word 

encoding [5.19, 1.16]. The activation of bilateral precentral gyrus (BA6, the premortal 

and supplementary motor area) may be the result of quicker finger tapping in literate 

subjects, which accords to the results of behavioural experiments. The activation of right 

cerebellum may be the superimposed results of finger movements and cerebellar 

laterality in language cognition [4.10; 5.20; 5.21]. 

 

Japanese orthographic judgment task 

Previous studies have shown that the right middle frontal gyrus (BA9/46,44) responds 

preferentially to picture encoding, maintains items in the working memory, and supports 

accenss to visuospatial representations [5.22; 5.23]. Previous studies in young literate 

subjects have confirmed the involvement of the bilateral fusiform region (BA 37) in 

encoding of words [5.22; 5.23]. 
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5.5 Conclusion 
In conclusion, the constellation of neural substrates constitutes a differently distributed 

network for discrimination of phonological and orthographic judgment. 

Education-induced brain plasticity may enhance efficiency and increase connectivity 

supporting essential cognitive operations. 
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Chapter 6 

Differential Activity of Semantic and Font Size Judgment 

Processing of Japanese Word: an fMRI Study 

 

Summary 
Using functional magnetic resonance imaging (fMRI) or positron emission tomography 

(PET), much knowledge has been gained in understanding how the brain is activated 

during controlled experiments of language tasks in alphabetic subjects and in Chinese 

subjects. While previous studies have compared performance between alphabetic and 

Chinese subjects, few data were about Japanese-speaking individuals. In this study, we 

used fMRI to investigate brain activations in processing Japanese semantic and font size 

judgment by visual tasks in six Japanese subjects. Different activation patterns were 

observed between semantic and font size judgment processing. We conclude that 

constellation of neural substrates was different for semantic processing. 

 
Key words: Japanese; semantic; font size; fMRI 

 

6.1 Introduction 

  Previous neuroimaging studies used functional  magnetic resonance imaging 

(fMRI) or positron emission tomography (PET) to clarify the different brain activities 

when bilingual speaker comprehend their first language (L1) compare with their second 

language(L2). By the study of Chinese–English bilinguals’ brain activity processing of 

logographic Chinese(L1) and alphabetic English(L2),it is reported that reading involves 

language-specific neurocognitive systems in which alphabetic English (L2) reading is 

shaped by logographic Chinese (L1) for bilinguals and different from native English 

speakers’ brain activity [2.33].  However many studies shown the different activation 

patterns of alphabetic language (eg. English) and logographic language (eg. Chinese 

characters) [1.15; 4.10; 2.28; 2.27; 2.29; 1.16; 2.33]. While previous studies have 

reported that Chinese–English bilinguals’ alphabetic English (L2) reading is shaped by 

logographic Chinese (L1) and different from native English speakers’ ,it is unclear that 

if bilingual’ L1 and L2 language are both  logographic language(eg. Chinese and 

Japanese) ,whether the result still same or not. For non-proficient Chinese–Japanese 

bilinguals it is reported that significantly greater activation was observed in left inferior 

frontal cortex and left inferior parietal cortex with the L2 learners in comparison with L1 
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speakers, significantly lower activation was observed in the left middle temporal 

gyrus[6.1].However it is still unclear that the different brain activity processing of 

proficient L2 learners in comparison with L1 speakers by both  logographic 

language .Our present study utilizes whole-brain 3T fMRI to observe brain response 

during simple visual comparison of paired Japanese semantic and orthographic in 

proficient Chinese–Japanese bilinguals and Japanese group. We hypothesize that 

different activation patterns were observed between Chinese–Japanese bilinguals and 

native Japanese in Japanese word processing.   

Our present study utilizes whole-brain 3T fMRI to observe brain response during simple 

visual comparison of paired Japanese semantic and font size judgment in Japanese group. 

We hypothesize that different activation patterns were observed between Japanese 

semantic and font size judgment processing. 
 

6.2 Methods 
6.2.1 Participants 

All MRI studies were performed on a 3T Philip signal scanner at Shengjing Hospital of 

China Medical University. Blood oxygenation level-dependent (BOLD) fMRI signal 

data were collected, and a quadrature birdcage head coil was used. For fMRI scan, 36 

continuous 3.5mm T2*-weighted echo-planar images (EPI) were acquired with the 

following scan parameters: TR=2000 ms, TE=30 ms; flip angle (FA) =90°; 

matrix=80×90. Anatomical whole brain MRI was acquired using a T1-weighted spin 

echo sequence with   TR/TE=shortest/2.3 ms. 

The stimuli, including Japanese phonologic and orthographic judgment,   were 

presented via a liquid crystal display projector and back-projected onto a projection 

screen placed at the head end of the scanner bore. Subjects could view the projection 

screen through a mirror attached to the head coil. Subjects were asked to perform the 

task as quickly and accurately as possible. 
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Figure 6.1. fMRI experiment device 

 
In order to investigate the practicability of present device, a simple behavioral and fMRI 

experiment task was executed. 

Subjects 

  There are six subjects in this fMRI study. All subjects were healthy Japanese by birth 

who grew up in the Japan and spoke only Japanese.  Averagely age were 22.08 years, 3 

males and 3 females. They were selected and participated in the fMRI study with 

informed written consent. We explained the details of the information form and the 

consent form for them before we obtained their fingerprints or signing. The protocol was 

approved by the Ethics Committee of Shengjing Hospital of China Medical University. 
6.2.2 Stimuli 

96 pairs (Figure 6.2) of semantic judgment (48 pairs) and font size judgment stimuli 

(48 pairs) were adopted during fMRI experiments. All subjects were asked to perform 

the experimental tasks as quickly and accurately as possible. 

 
Figure 6.2. Examples of experimental stimuli used in the fMRI behavioral experiment. The 

subject judged whether the two stimuli were same or not. A: semantic judgment stimulus, the 

same stimulus B: semantic judgment stimulus, the different stimulus C: form size judgment 

stimulus, the same stimulus D: form size judgment stimulus, the different stimulus. 

 78



Chapter 6 Differential Activity of Semantic and Font Size Judgment Processing 

6.2.3 Task and procedure 
  192 fMRI volumes of images were collected during each run. Each fMRI run 

consisted of one task. A block design was used. The subjects were asked to fix on a 

small crosshair during the resting period. Each pair of semantic and font size judgment 

was shown through the projector lasting for 2500ms, with an interpair interval of 

1500ms between the stimuli. Each task consisted of half semantic judgment and half font 

size judgment. The subjects should press the right key with their right thumbs when they 

judged the two stimuli to be same, and press the left key with their left thumbs when 

they judged them to be different 
6.2.4 MR data acquisition 

6.2.5 Data analysis 
  Statistical Parametric Mapping 8 (SPM8) software and Matlab7.5 were used for the 

image and statistical analyses. At first, each of the 192 fMRI image volumes was 

automatically realigned to the first image of the time series to correct for head 

movements during the fMRI acquisition. Then, T1-weighted anatomical images were 

coregistered to the first scan in the functional images. Next, the coregistered 

T1-weighted anatomical images were normalized to standard T1 template images, as 

defined by the Montreal Neurological Institute. Finally, these spatially normalized 

functional images were smoothed with an isotopic Gaussian kernel of 8mm. 
6.3 Results 
6.3.1 BHV results 

In behavioural experiment: Average reaction times and response accuracy across 

subjects in behavioural experiments were shown in Figure 6.3. Regarding the average 

reaction times, semantic judgment task were shorter than the font size judgment task. 

Regarding the average response accuracy, font size judgment task were higher than the 

semantic judgment task. 

6.3.1 fMRI results 
 In fMRI experiment: Significant activations have been detected during the font size 

judgment task and semantic judgment task. Figure.4 and 5 showed the maps of average 

activation (n=6) for the semantic and font size judgment task respectively. Regions of 

significant activation during two tasks relative to the respective resting state in subjects 

are shown in Table 1 and 2. 

 Semantic judgment task: In this task, the results are briefly summarized: significant 

activations in:  the bilateral middle frontal gyrus (BA9/46,6), bilateral middle occipital 

gyrus (BA19,24), left MTL (BA37), red nucleus (BA27), insula (BA6), right inferior 

frontal gyrus (BA44), right inferior parietal lobule (BA40) and right post central gyrus 
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(BA3), the left frontal gyrus (BA6/47), bilateral parietal lobule (BA7), red nucleus 

(BA30), left inferior parietal lobule (BA40), right middle temporal gyrus (BA37) and 

left middle occipital gyrus (BA19) (Figure 6.4). (P<0.001) 

Font size judgment task: In this task, the results are briefly summarized significant 

activations in:  the bilateral temporal gyrus (BA37,42) bilateral frontal gyrus 

(BA9/46,46) lateral sulcus (BA44) and superior longitudinal fasciculus, the bilateral 

fusiform gyrus (BA18,19), precentral gyrus (BA6) and cerebellums (Figure 6.5). 

(P<0.001) 

Semantic judgment task versus Font size judgment task: the results are briefly 

summarized significant activations in:  the bilateral temporal gyrus (BA37, 42) 

bilateral frontal gyrus (BA9/46,46) lateral sulcus (BA44) and superior longitudinal 

fasciculus, the bilateral fusiform gyrus (BA18,19), precentral gyrus (BA6) and 

cerebellums (Figure 6.6). (P<0.05) 
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Figure 6.3. Average reaction time (a) and response accuracy (b) in behavioral experiments. 

Gray bars: semantic judgment.  Open bars: font size judgment. 
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Figure 6.4. Functional brain maps during the semantic stimuli. Mean normalized brain 
maps overlaid on the corresponding T1-weighted images showing significant activation (in 
color; p<0.001, cluster size>0voxels Uncorrected) for 6 Japanese subjects. L, left 
hemisphere; R, right hemisphere. 

 
Figure 6.5. Functional brain maps during the font size stimuli. Mean normalized brain maps 
overlaid on the corresponding T1-weighted images showing significant activation (in color; 
p<0.001, cluster size>0voxels Uncorrected) for 6 Japanese subjects. L, left hemisphere; R, 
right hemisphere. 

 

Figure 6.6. Functional brain maps during the semantic stimuli versus font size stimuli. Mean 

normalized brain maps overlaid on the corresponding T1-weighted images showing 

significant activation (in color; p<0.05, cluster size>0voxels Corrected) for 6 Japanese 

subjects. L, left hemisphere; R, right hemisphere. 
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Table.1 Stereotactic Coordinates, Z Values, and Corresponding Brodmann Areas (BAs) for 

Regions Activated Significantly (Brain activations by semantic stimuli in the Japanese 

subjects). 

Brodmann
Functional region area Side x y z Z value

Occipital-temporal areas
MOG/FG 17/18/19/37 L -29 -58 -23 5.24

R 41 -77 -11 5.5
STG/ATT 22/41/42 L -48 4 -4 3.49

R 52 10 -3 3.6
Frontal-par

5

6
ietal areas

MFG/SLF 2/3/4/6/9 L -3 12 50 4.96
R 27 -21 60 2.59

MFG 9/10/46 L -43 3 25 3.56
R 41 10 28 3.4

IPG/SFG 7/40 L -43 -32 47 3.83
R 41 -34 53 4.27

IFG 47 L -38 10 -3 3.52
R

PFC 13/44/45 L
R 45 8 -3 4.27

PhcG 35 L -18 -30 -7 3.96
R 19 -30 -9 3.85

2

Cerelellum
L 6 -87 -21 4.99
R -6 -79 -36 4.

Semantic-baseline

83  
P<0.001, uncorrected; cluster size>0voxels 

Table.2 Stereotactic Coordinates, Z Values, and Corresponding Brodmann Areas (BAs) for 

Regions Activated Significantly (Brain activations by font size stimuli in the Japanese 

subjects 

Brodmann
Functional region area Side x y z Z value
Occipital-temporal areas
MOG/FG 17/18/19/37 L -32 -63 -21 5.46

R 33 -56 -26 5.3
STG/ATT 22/41/42 L -50 -19 11 3.99

R 56 -17 6 4.7
MTG 38 L -48 4 -9 3.8

R 45 6 -5 4.7

2

6

4
Frontal-parietal areas
MFG/SLF 2/3/4/6/9 L -40 -17 52 4.31

R 33 -25 48 4.46
MFG 9/10/46 L -40 -3 5 4.39

R 45 16 27 4.2
IPG/SFG 7/40 L -45 -30 42 4.14

R 59 -25 18 4.25
IFG 47 L

R 43 14 -7 4.0
PFC 13/44/45 L -40 -3 5 4.39

R 48 8 14 4.57

4

5

Cerelellum
L -27 -75 -27 4.54
R 20 -75 -25 4.79

Others areas
ACC/PCC 24 L -6 -7 45 4.42

R 6 -5 38 4.61

Font size-baseline

 
P<0.001, uncorrected; cluster size>0voxels 
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Table.3 Stereotactic Coordinates, Z Values, and Corresponding Brodmann Areas (BAs) for 

Regions Activated Significantly (Brain activations by semantic stimuli versus font size 

stimuli in the Japanese subjects) 

Brodmann
Functional region area Side x y z Z value
IPG 39/40/7 L -48 -50 17 4.8

R 45 -46 26 4.77
STG/ATT 22/41/42 L -50 -19 11 3.99

R 56 -17 6 4.7

8

6
MFG 9/44 R 31 32 26 5.15

Semantic-font size

 
P<0.05, corrected; cluster size>0voxels 

 

6.4 Discussion 
Brain activations by semantic versus orthograhpic in the Japanese native speakers,the 

results are briefly summarized significant activations in:  Middle Frontal Gyrus (BA6, BA9, 

BA44), Cingulate Gyrus (BA24), Superior Parietal Lobe (BA7) and Inferior Parietal Lobe 

(BA39) and cerebellums. 

Brain activations by semantic versus orthograhpic in the Chinese–Japanese bilinguals,the 

results are briefly summarized significant activations in:  Posterior Cingulate (BA30), 

Lingual Gyrus (BA18, BA17), Inferior Occipital Gyrus (BA19), Medial Frontal Gyrus 

(BA6), Precentral Gyrus (BA9), Cingulate Gyrus (BA32), Medial Frontal Gyrus 

(BA8,BA9) , Superior Temporal Gyrus (BA22). 

Regarding the fMRI and ROI result, there was significantly less activation in BA44 for 

Chinese–Japanese bilinguals than for Japanese native speakers.This pattern of brain 

activations is in striking contrast to the neural networks responsible for reading Chinese and 

English by bilingual subjects[6.2],and Chinese–Japanese bilinguals’ Japanese (L2) reading is 

also shaped by logographic Chinese (L1),it consistent with previous study. 

 In contrast, as we speculated, the Chinese–Japanese bilinguals showed significantly greater 

activation than Japanese native speakers in BA7 and left posterior insula. Greater activation 

in BA7 is consistent with 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 [1.15; 6.5; 6.6] though these areas are not activated in 

passive viewing tasks [6.4].For posterior insula, Here to account for the increased activation 

observed in the mid-insula for late bilinguals, we can only speculate that the primed 

condition in late bilinguals might have led the brain to produce spontaneously more images, 

voices, thoughts, and feelings which constitute the ‘‘stimulus-independent thought” 

associated with a specific concept. This could be due to the fact that the conceptual 

representation associated with words of L2 in individuals having learnt L1 and L2 
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successively might activate an additional set of semantic features as the one activated by the 

conceptual representation associated with the translation equivalents in L1.[6.3] 

6.4.1 Japanese semantic judgment task 

  In this task, the activation in the right inferior parietal lobule (BA40), as major parts of 

Wernicke’s area, are strongly associated with the higher cognitive function of literates. It is 

probably due to the unique square spatial configuration of Chinese characters, the routine 

activation of which was shown in some other spatial working memory tasks [3.19]. Also 

the activation of BA40 may imply the stronger attention of phonology in literate 

subjects than in illiterate subjects. There is no wonder about the activation of right 

middle frontal gyrus (BA9) owing to its verified strong relation with word encoding [6.7; 

1.16]. The activation of bilateral precentral gyrus (BA6, the premortal and 

supplementary motor area) may be the result of quicker finger tapping in literate 

subjects, which accords to the results of behavioural experiments. The activation of right 

cerebellum may be the superimposed results of finger movements and cerebellar 

laterality in language cognition [4.10; 6.8; 6.9]. 

 

6.4.2 Japanese font size judgment task 

Previous studies have shown that the right middle frontal gyrus (BA9/46,44) responds 

preferentially to picture encoding, maintains items in the working memory, and supports 

accenss to visuospatial representations [6.9; 6.10]. Previous studies in young literate 

subjects have confirmed the involvement of the bilateral fusiform region (BA 37) in 

encoding of words [6.9; 6.10]. 
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6.5 Conclusion 
  In conclusion, the constellation of neural substrates constitutes a differently 

distributed network for discrimination of semantic and font size judgment. 

Education-induced brain plasticity may enhance efficiency and increase connectivity 

supporting essential cognitive operations. 
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Chapter 7 
7.1 General Conclusions of the Dissertation 

Four fMRI experiments were conducted to investigate the spoken language 

perception function within bilateral inferior parietal lobe and the left inferior frontal 

gyrus, involving Japanese and Chinese stimuli. The findings are summarized below. 

1) Whether education level effects the neural activation associated with 
logographic processing of Chinese? We used eleven Chinese illiterate and eleven 
literate subjects participated in an event-related fMRI experiment with Chinese 
character discrimination (CD) and figure discrimination (FD) tasks. The results 
suggest that the bilateral parts of the inferior parietal lobule (IPL) is more active 
for literate than illiterate subjects in the CD task and different roles of the 
posterior inferior frontal gyrus (IFG) in Chinese character form judgment 
differences between literate and illiterate individuals. 
  2) We used eleven Chinese illiterate and eleven literate subjects in an 
event-related fMRI experiment with Chinese character voice discrimination(CVD) 
and pure tone discrimination (PTD) tasks. We found that the bilateral parietals 
inferior parietal lobule (IPL) is more active for illiterate than literate subjects in 
the Chinese character voice discrimination task.  
  3) While previous studies have compared performance between alphabetic and 

Chinese subjects, few data were about Japanese-speaking individuals. In this study, 

we used fMRI to investigate brain activations in processing Japanese phonological, 

semantic and font size judgment processing by visual tasks in six Japanese 

bilingual subjects. We found that different activation patterns were observed 

between phonological, semantic and font size judgment processing. 

  These experiments further Peterson and Tan’s motor theory of speech 

perception by relating the bilateral inferior parietal lobe (IPL), and so on. In 

addition, considering the phonological, semantic and orthographic processing 

relativity in the bilateral inferior parietal lobe using Chinese and Japanese. 
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7.2 Future challenges 

The completed experiments as well as ongoing studies indicate the need for further 

exploration of several functions with respect to language processing. 

1. Domains, such as IPC and STG, participate in the semantic and the 

phonological aspects but it is not clear by which is involved. 

Furthermore, where is the part which participates in semantic 

processing in illiterate and literate subjects?  

2. Until now, the experimental means of key research have been 

performed using fMRI equipment. If brain-waves equipment is used, 

what kind of reksult will be produced is unclear.
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Appendix A－A Simple Introduction to Functional Magnetic 

Resonance Imaging 

A.1 What is fMRI? 
Functional magnetic resonance imaging (fMRI) is based on the principles of 

magnetic resonance, plus the fact that increases in neural activity are accompanied by 

changes in regional cerebral blood flow (rCBF) and blood oxygenation. This blood 

oxygenation level dependent (BOLD) effect is the basis for most of the fMRI studies to 

map patterns of activation in the working human brain. The scanners used in our 

experiment are shown in Figure A.1. 

 
Figure A. 1. The Philip fMRI scanner used in our experiment 

A.2 BOLD signal and EPI 

FMRI is a non-invasive method since it uses blood a since it uses blood as intrinsic 

contrast agent (BOLD-contrast) to assess neural activity in the brain. In detail, the 

iron in blood hemoglobin is nature’s own intrinsic contrast agent, because it can 

change the blood’s magnetic susceptibility. Oxygenated arterial blood contains 

oxygenated hemoglobin, which is diamagnetic and has about the same magnetic 

susceptibility as other brain tissue. Therefore it does not alter the regional magnetic 

field and does not affect tissue T2* much. Deoxygenation of hemoglobin produces 

deoxyhemoglobin, which is a paramagnetic compound and disturbs the local 

magnetic field, relative to the surrounding tissue water, leading to the large observed 

magnetic susceptibility effect. The difference in magnetic susceptibility creates a 

local magnetic field gradient, consequently inhomogeneities in the magnetic field. 
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The local T2*, critical in fMRI contrast, is thus determined by the balance of 

deoxygenated to oxygenated hemoglobin in blood within a voxel. 

In the normal awake brain about 40% of the oxygen delivered to the capillary bed in 

arterial blood is extracted and metabolized. Thus there is a large amount of 

deoxyhemoglobin in the venous vessels. When the brain is activated, as illustrated in 

Figure A.2., the local blood flow increases substantially, but oxygen metabolism 

increases only a small amount. As a result, the venous blood is more oxygenated. 

The reduction in deoxyhemoglobin concentration leads to a longer T2* and thus a 

signal increase (a few percent). This signal increase depends on the magnetic field 

strength and is higher at higher field strength. Nevertheless, one can never see the 

activation in a reconstructed fMRI with the naked eye. Statistical analysis is 

necessary to reliably detect these activations. 

 

 

 

Figure A. 2. Illustration of fMRI BOLD 

Neural activity increases the blood flow in the active region to provide the 

neurons with more oxygen and decreased deoxyhemoglobin concentrations. 

Reduced field inhomogeneities lead to a longer T2* and therefore to an 

increased MRI signal. 

Since the discovery that brain activation can be detected and localized through the 

BOLD effect, a number of imaging approaches have been used to measure this 

activation. The prototype brain mapping experiment consists of alternating periods 

of a stimulus task and a control/rest task and this cycle is repeated several times. 
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During these cycles of stimulus and control, echo planar images (EPI) are collected 

covering all or part of the brain. This is achieved by dividing the brain into several 

slices (usually 5-35) and imaging them consecutively with EPI. EPI is a very fast 

imaging method, requiring about 100 ms to acquire one slice, hence, about one to 

three seconds to cover the whole brain, and has a high signal to noise ratio (SNR). 

Series of images of the brain can be collected throughout stimulus/control cycles. 

The price paid for the speed is that the images have a lower spatial resolution than 

conventional MR images. But also the BOLD effect itself imposes an intrinsic 

resolution limit for the fMRI, since oxygenation changes can be detected several 

mm downstream in the venous system from the site of neuronal activity. The set of 

resulted images, can be interpreted as a four dimensional data set, three spatial 

dimensions and time. The image examples are shown in Figure A.3.  

 
Figure A. 3. Image examples of fMRI and MRI scanning 

T2* image is the functional image with low resolution; T2 image and T1 image are 

structural images with higher resolution.  

A.3 Important concepts of fMRI scanning 

TR: repetition time, the time interval between successive excitation pulse usually 

expressed in seconds. 

TE: echo time, the time interval between an excitation pulse and data acquisition 

(defines as the collection of data from the center of k-space), usually expressed in 

milliseconds. 

Flip Angle: the change in the precession angle of the net magnetization following 

excitation. 

Field of view: the extent of the imaging volume within a slice and is generally 

expressed in centimeters. 

Matrix size: how many voxels in each direction. Matrix used in fMRI are generally 

powers of 2, such as 64, 128, or 256, to facilitate use of the FFT for image construction. 
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Slice thickness: provides the third dimention (through-plane) and is generally the same 

or larger than the in-plane voxel size (e.g., 5mm). 

A.4 Safety considerations 
Since the inception of clinical MRI testing in the early 1980s, more than 200 million 

MRI scans have been performed, with an additional 50000 scans performed every day. 

The vast majority of these scans are performed without incident, confirming the safety 

of MRI as an imaging technique. 
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Appendix B－ fMRI Data Processing and Analysis with 

Statistical Parametric Mapping (SPM) 

B.1 A simple introduction to statistical parametric mapping 

Statistical parametric mapping refers to the construction and assessment of spatially 

extended statistical processes used to test hypotheses about neural imaging data 

from SPECT/PET and fMRI. These ideas have been instantiated in software that is 

called SPM, and is a suite of Matlab functions and subroutines (with some 

externally compiled C routines). It is freely available for research purposes at 

http://www.fil.ion.ucl.ac.uk/spm. SPM was written to organize and interpret 

functional neuroimaging data. Some of the main features of the software are: 

realignment of image sequences, automated non-linear spatial normalization, spatial 

smoothing, model building and statistical image assessment. The data analyzing 

processes are briefly shown in Figure B.1. 

 
Figure B. 1. fMRI data analysis process using SPM 

B.2 The image sequence realignment 

This preprocessing step realigns the images spatially. It is performed to remove 

movement artifact in fMRI time series. This routine realigns a time series of images 

acquired from the same subject using a least squares approach and a 6 parameter 

(rigid body) spatial transformation (3 translations and 3 rotations about orthogonal 

axes). The first image in the list, specified by the user is used as a reference to which 

all subsequent scans are realigned. The reference scan can be chosen and it is wise 
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to choose a ‘representative scan’ in this role. Then the transformation is applied by 

resampling the data using sinc or trilinear interpolation. Realignment to one scan of 

a series of scans is from one subject, due to movement artifacts. An example of 

results of the realignment is shown in Figure B.2. 

 
Figure B. 2. An example of realignment results 

B.3 Normalization 

MRI images are normalized into a standard space defined by some ideal model or 

template image(s). The template is a reference image according to the space of 

Talairach. SPM uses a 152 subject average 3D brain image from the fMRI mean 

images. The algorithms work by minimizing the sum of squares difference (least 

squares optimization) between the image which is to be normalized and a linear 

combination of the template image(s). There are two steps to do the work. The first 

step is to determine the optimum 12-parameter affine ansformation. The second step 

is to estimate nonlinear deformations, which are defined by a linear combination of 

3 dimensional discrete cosine transform (DCT) basis functions. The example of 

normalized image is shown in Figure B.3. 
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Figure B. 3. Examples of pre-processed images 

B.4 Spatial smoothing 

The motivations for smoothing the data are fourfold. (i) By the matched filter 

theorem, the optimum smoothing kernel corresponds to the size of the effect that 

one anticipates. The spatial scale of hemodynamic responses is, according to 

high-resolution optical imaging experiments, about 2 to 5mm. Despite the 

potentially high resolution afforded by fMRI an equivalent smoothing is suggested 

for most applications. (ii) By the central limit theorem, smoothing the data will 

render the errors more normal in their distribution and ensure the validity of 

inferences based on parametric tests. (iii) When making inferences about regional 

effects using Gaussian random field theory (see below) the assumption is that the 

error terms are a reasonable lattice representation of an underlying and smooth 

Gaussian field. This necessitates smoothness to be substantially greater than voxel 

size. If the voxels are large, then they can be reduced by sub-sampling the data and 

smoothing (with the original point spread function) with little loss of intrinsic 

resolution. (iv) In the context of inter-subject averaging it is often necessary to 

smooth more (e.g. 8 mm in fMRI or 16mm in PET) to project the data onto a spatial 

scale where homologies in functional anatomy are expressed among subjects. An 

example of smoothed image is shown in Figure B.3. 

B.5 Theory of SPM 

Functional mapping studies are usually analyzed with some form of statistical 

parametric mapping. Statistical parametric mapping entails the construction of 

spatially extended statistical processes to test hypotheses about regionally specific 

effects. Statistical parametric maps (SPMs) are image processes with voxel values 

that are, under the null hypothesis, distributed according to a known probability 

density function, usually the Student's T or F distributions. These are known 

colloquially as T- or F-maps. The success of statistical parametric mapping is due 

largely to the simplicity of the idea. Namely, one analyses each and every voxel 
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using any standard (univariate) statistical test. The resulting statistical parameters 

are assembled into an image - the SPM. SPMs are interpreted as spatially extended 

statistical processes by referring to the probabilistic behavior of Gaussian fields. 

Gaussian random fields model both the univariate probabilistic characteristics of a 

SPM and any nonstationary spatial covariance structure. 'Unlikely' excursions of the 

SPM are interpreted as regionally specific effects, attributable to the sensorimotor or 

cognitive process that has been manipulated experimentally. 

Over the years statistical parametric mapping has come to refer to the conjoint use 

of the general linear model (GLM) and Gaussian random field (GRF) theory to 

analyze and make classical inferences about spatially extended data through 

statistical parametric maps (SPMs). The GLM is used to estimate some parameters 

that could explain the spatially continuous data in exactly the same way as in 

conventional analysis of discrete data. GRF theory is used to resolve the multiple 

comparison problem that ensues when making inferences over a volume of the brain. 

GRF theory provides a method for correcting p values for the search volume of a 

SPM and plays the same role for continuous data (i.e. images) as the Bonferonni 

correction for the number of discontinuous or discrete statistical tests. 
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