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Abstract

The ability to read is essential for cognitive development. To deepen our understanding of reading acquisition, we explored the
neuroanatomical correlates (cortical thickness; CT) of word-reading fluency and sentence comprehension efficiency in Chinese with a
group of typically developing children (N = 21; 12 females and 9 males; age range 10.7—12.3 years). Then, we investigated the relationship
between the CT of reading-defined regions and the cognitive subcomponents of reading to determine whether our study lends support to
the multi-component model. The results demonstrated that children’s performance on oral word reading was positively correlated with
CT in the left superior temporal gyrus (LSTG), left inferior temporal gyrus (LITG), left supramarginal gyrus (LSMG) and right superior
temporal gyrus (RSTG). Moreover, CT in the LSTG, LSMG and LITG uniquely predicted children’s phonetic representation, phonological
awareness, and orthography—phonology mapping skills, respectively. By contrast, children’s performance on sentence-reading
comprehension was positively correlated with CT in the left parahippocampus (LPHP) and right calcarine fissure (RVI). As for the
subcomponents of reading, CT in the LPHP was exclusively correlated with morphological awareness, whereas CT in the RVI was
correlated with orthography—semantic mapping. Taken together, these findings indicate that the reading network of typically
developing children consists of multiple sub-divisions, thus providing neuroanatomical evidence in support of the multi-componential
view of reading.

Keywords
individual differences, multi-component model, neuroanatomy, reading comprehension, reading fluency, word reading

There is an increasing interest in the neural impairments associated
with reading difficulties (Altarelli et al., 2013; Clark et al., 2014; Frye
etal., 2010; Hosseini et al., 2013; Liu et al., 2015; Ma et al., 2015; Qi
et al., 2016; Richlan, Kronbichler, & Wimmer, 2013; Welcome,
Chiarello, Thompson, & Sowell, 2011; Williams, Juranek, Cirino,
& Fletcher, 2017). As a complement to group comparisons between
impaired and typically developing individuals, exploring the neural
mechanisms underlying typical reading development helps to reveal
the critical period and the important neural circuits for developing
reading skills (Goldman & Manis, 2013; Houston et al., 2014; Lu
et al., 2007; Richardson & Price, 2009; Simon et al., 2013). To
deepen our understanding of this issue, the present study explored
the relationship between cortical thickness (CT) and reading
competence as well as various cognitive subcomponents that under-
lie reading by using a brain—behavior correlation method (Golestani,
2014; Kanai & Rees, 2011).

Specifically, two characteristics of reading were taken into
consideration. The first is that reading ability can be measured at
different levels, and two major ones are word-reading fluency and
sentence-reading comprehension (Lyon, Shaywitz, & Shaywitz,
2003). Compared to the limited research on sentence-reading
comprehension (but see Benjamin & Gaab, 2012), numerous
neuroimaging studies have together revealed a left-lateralized read-
ing network for single-word reading. This network consists of the
ventral occipito-temporal cortex (including the fusiform gyrus and
the inferior temporal gyrus), posterior temporo-parietal regions
(including the posterior superior temporal gyrus and the

supramarginal gyrus) and inferior frontal gyrus, which are involved
in orthographic processing, phonological decoding and articulatory
planning, respectively (Price, 2012). Part of the reason why word-
reading fluency has attracted more attention than sentence-reading
comprehension is because poor performance on word reading is one
of the defining criteria for the diagnosis of dyslexia, whereas poor
reading comprehension is not. In fact, these two aspects of reading

! State Key Laboratory of Cognitive Neuroscience and Learning & IDG/
McGovern Institute for Brain Research, Beijing Normal University, Beijing,
China

2 Center for Collaboration and Innovation in Brain and Learning Sciences,
Beijing Normal University, Beijing, China

3 Department of Psychiatry and Weill Institute for Neurosciences,
University of California, San Francisco (UCSF), USA

4 Faculty of Linguistic Sciences and KIT-BLCU MEG Laboratory for Brain
Science, Beijing Language and Culture University, Beijing, China

® Precision Learning Center (PrecL), UC, USA

Dyslexia Center, UCSF, USA

Haskins Laboratories, New Haven, USA

Department of Neuropsychiatry, Keio University School of Medicine,
Tokyo, Japan

6
7
8

Corresponding author:

Hua Shu, State Key Lab of Cognitive Neuroscience and Learning, Beijing
Normal University, Beijing, 100875, China.

Email: shuhua@bnu.edu.cn


https://uk.sagepub.com/en-gb/journals-permissions
https://doi.org/10.1177/0165025417727872
http://journals.sagepub.com/home/jbd
http://crossmark.crossref.org/dialog/?doi=10.1177%2F0165025417727872&domain=pdf&date_stamp=2017-09-18

Xia et al.

343

are relatively independent. On the one hand, children with dyslexia
do not necessarily have difficulties in comprehension. These indi-
viduals are termed resilient readers (Welcome, Chiarello, Halder-
man, & Leonard, 2009; Welcome et al., 2011; Welcome, Leonard,
& Chiarello, 2010). On the other hand, there are also individuals
with a specific reading comprehension disorder who have intact
word-reading performance but impaired reading comprehension
(Nation, Cocksey, Taylor, & Bishop, 2010). Therefore, exploring
the neural correlates of reading comprehension and identifying the
shared and specific brain bases for different levels of reading is
important for a better understanding of the different types of read-
ing disorders and further establishing more efficient intervention
programs.

The second characteristic of reading is that it is multi-
componential in nature, that is, the entire process consists of many
subcomponents (Norton & Wolf, 2012). Moreover, oral reading and
reading comprehension are composed of different subcomponents
(Tobia & Bonifacci, 2015). According to the Simple View of Read-
ing (Gough & Tunmer, 1986), decoding skills contribute more to
word reading, whereas oral comprehension contributes more to
reading comprehension. More specifically, oral word reading
mainly includes processes such as visual feature identification,
sight-word recognition, morpho-phonological code retrieval, pho-
netic encoding and articulation (Indefrey, 2011; Indefrey & Levelt,
2004), whereas reading comprehension relies more on semantic
processing and world knowledge (Welcome et al., 2009). In line
with this dissociation, cognitive subcomponents, such as phonolo-
gical processing, are strong predictors of word reading, whereas
subcomponents, such as inference skills and knowledge of narrative
text structure, predict reading comprehension in typically develop-
ing children (Oakhill & Cain, 2012). Given the multi-componential
nature of reading, a successful reader (regardless of word reading or
sentence comprehension) must integrate the activation of numerous
brain areas that are responsible for specific subcomponents.
Recently, the relationship between specific brain areas and various
subcomponents of word reading has been identified in terms of
brain activation (Graves, Desai, Humphries, Seidenberg, & Binder,
2010; McNorgan, Chabal, O’Young, Lukic, & Booth, 2015; Wood-
head, Brownsett, Dhanjal, Beckmann, & Wise, 2011) and white
mater tracts (Vandermosten et al., 2012). Because acquisition of
fluent reading requires formal instruction and long-term training,
and brain structural and functional properties could be simul-
taneously shaped by long-term experience (Anurova, Renier, De
Volder, Carlson, & Rauschecker, 2015), it is reasonable to consider
that such a hierarchical structure could also be found at the neuroa-
natomical level. Additionally, the multi-componential hypothesis is
also worth exploring for the study of reading comprehension.

From a developmental perspective, reading ability changes rap-
idly, especially during childhood and adolescence (Cohen-Shikora
& Balota, 2016). Given that different reading skills rely on different
cognitive components at different developmental stages (Siu, Ho,
Chan, & Chung, 2016; Vaessen et al., 2010), the brain—behavior
relationship may also change across different stages of skill acqui-
sition. Training studies have revealed that cortices thicken in the
learning period but thin in consolidation (Lovden, Wenger, Martens-
son, Lindenberger, & Backman, 2013). As the acquisition of profi-
cient reading skills requires years of learning and practice, the
direction and strength of its correlation with specific brain measures
might also change throughout development. If this is the case, we
will find a positive correlation in the early stage and a negative
correlation later. In line with this developmental perspective, studies

of at-risk/poor readers have demonstrated such abnormal trajectories
in gray and white matter maturation (Clark et al., 2014; Yeatman,
Dougherty, Ben-Shachar, & Wandell, 2012). When the brain—beha-
vior relationships were investigated in typical readers, the primary
method used was to calculate correlation coefficients between brain
measures and behavioral indices while controlling for age. However,
the relationships might be obscured, especially when the sample size
is small but the age range is wide. In this case, examing the brain—
behavior relationships within a specific age range would be helpful.
Such results will help to further illuminate the development of the
brain—reading relationship across childhood and adolescence.

Finally, the neural correlates of reading can be affected by the
linguistic features of a given writing system (Frost, 2012; Perfetti &
Harris, 2013; Ziegler & Goswami, 2005). For example, Zhang and
colleagues (2013) identified a positive correlation between the CT
of the left mid-fusiform gyrus and oral word-reading efficiency in
Chinese college students. This result was different from the nega-
tive correlation found in English-speaking adults (Blackmon et al.,
2010). The discrepancy might be partly related to the properties of
Chinese characters, e.g. complex spatial shapes and artificial print-
sound correspondences. In another word, successful reading of
Chinese requires more orthographic analysis and orthographic—
phonological mapping. The participants in Zhang’s study were
healthy adults with mature neural systems; however, the relation-
ship between CT and reading performance in typically developing
children remains largely unknown. In addition to the special writing
system, Chinese is also a tonal language. One previous study
revealed that Chinese dyslexic children have an abnormal neuronal
response during the categorical perception of lexical tones. This
abnormal response is similar to the impaired categorical perception
of segmental features by children with dyslexia in alphabetic
languages (Zhang et al., 2012). The brain regions associated with
these specific speech processing skills in typically developing
children are worth examining.

In this study, we aimed to explore the brain-reading relationship
in a group of typically developing children. We focused on reading
abilities at two different levels: word-reading efficiency and
sentence comprehension. On this basis, we further used a series
of tasks to measure different cognitive subcomponents involved
in word reading and sentence comprehension to investigate the
relationships between reading-defined regions and various cogni-
tive subcomponents. Children aged 10-12 years were recruited
because humans exhibit a high level of brain plasticity during this
period (Brenhouse & Andersen, 2011) and are at the reading acqui-
sition stage for Chinese (Shu, Chen, Anderson, Wu, & Xuan, 2003).
Because participants in the current study were all native speakers of
Chinese, the results could help us to understand the language-
specificity of reading. The following predictions were made:
(1) Given the stage of the children’s reading development (Shu
et al., 2003) and the prior knowledge that learning a new skill
thickens specific regions (Lovden et al., 2013), we expected to
observe positive relationships between regional CT and reading
performance for both word-reading and sentence comprehension.
(2) Previous studies of alphabetic languages have revealed that
morphometric features in the left fusiform gyrus and inferior par-
ietal cortex are associated with word-level reading efficiency
(Houston et al., 2014; Jednorog et al., 2015; Simon et al., 2013),
whereas the left angular gyrus and inferior frontal gyrus are asso-
ciated with comprehension (Goldman & Manis, 2013). We
expected that such a spatially distinctive pattern would also be
observed in Chinese children. (3) Regarding the associations
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between reading-related regions and subcomponents of reading,
previous neuroanatomical studies have mainly focused on phono-
logical awareness, which has been found to be correlated with
morphometric development in the inferior frontal and inferior
parietal regions (Houston et al., 2014; Lu et al., 2007). As func-
tional and diffusion imaging studies have revealed differernt and
specific cognitive subcomponents of reading (e.g., Graves et al.,
2010; Vandermosten et al., 2012), we predicted that associations
between specific brain regions and the subcomponents of reading
could also be observed at the neuroanatomical level. Specifically,
the temporo-parietal regions are more associated with phonologi-
cal processing, and the ventral occipito-temporal regions are more
associated with orthographic processing.

Materials and methods
Participants

A total of 21 typically developing children (12 females, mean age =
11.2 years, SD = 0.3 year, range = 10.7-12.3 years) from local
primary schools (19 in Grade 5, and 2 in Grade 6) in Beijing were
recruited. The current study focused on children in Grades 5-6
because this period is important for developing automatic oral reading
efficiency and higher level reading comprehension skills (Shu et al.,
2003). The following inclusion criteria were applied: 1) All partici-
pants were right-handed native speakers of Mandarin, and had normal
or corrected-to-normal vision; 2) none of the participants had a his-
tory (via self-report) of any neurological or psychiatric disorders; 3)
the typically developing children had normal reading abilities. Read-
ing ability was measured by using a standardized character recogni-
tion test (z score mean = 0.333, SD = 0.721, range = —0.96-1.62)
(Lei et al., 2011; Zhang et al., 2012). All of the children successfully
completed MRI scans and neuropsychological tests. The image qual-
ity was assessed by an independent radiologist who was blinded to the
research information, and no child was excluded because of poor
image quality. Written informed assent and consent were obtained
from the children and their parents. This study was approved by the
Institutional Review Board at Beijing Normal University.

Neurocognitive measures

Neuropsychological tests were given to each child individually,
covering reading abilities, reading-related cognitive subcompo-
nents and general intelligence.

Reading abilities. We focused on fluency attainment at two levels.
Word-reading efficiency and sentence-reading comprehension
were measured by two time-limited tasks, respectively.

Word List Reading was used to measure word-reading effi-
ciency. In this task, 180 two-character words with high frequency
were arranged in a 9-column x 20-row matrix on one A4 paper.
Children were instructed to read these words as accurately and
rapidly as possible. The completion time and the number of error
responses were recorded to calculate how many words the children
read correctly per minute (Zhang et al., 2012).

Reading Fluency was used to measure sentence-reading com-
prehension. This test consisted of 100 single sentences or short
paragraphs with an increasing number of characters from 7 to
159. Children were asked to silently read as many sentences as
possible and indicate the correctness of the meaning of the sen-
tences based on their world knowledge with a “y/” or “x” within

3 minutes. The total score was calculated as the sum of characters in
the sentences with correct responses (Lei et al., 2011).

Subcomponents of Word Recognition and Sentence Comprehension.
A battery of tests was applied to measure the cognitive subcom-
ponents that underlie word-reading efficiency and sentence-
reading comprehension. According to prior knowledge, we treated
phonological representation, phonological awareness, orthography—
phonology mapping and orthographic identification as potential sub-
components of word-reading efficiency. Morphological awareness,
orthography—semantic mapping and orthographic identification were
regarded as potential subcomponents of sentence-reading compre-
hension. In the following section, we first describe the tasks orally
presented and then the tasks with visual input.

Tone Identification was used to measure categorical perception
of Chinese lexical tones and reflect phonological representation.
The task consisted of 66 trials in total. During the task, participants
were asked to decide whether the sound they heard was tone 2
(i.e., rising) or tone 4 (i.e., falling). A detailed description of the
stimuli and task can be found in our previous study (Xi, Zhang, Shu,
Zhang, & Li, 2010). Instead of using logistic regression, we
conducted receiver operating characteristic (ROC) curve analysis
and calculated the area under the curve (AUC) to quantify the cate-
gory sensitivity. A larger ROC value (termed ROC area in this study)
represents a better discrimination between the two categories.

Tone Detection was used to measure phonological awareness.
There were 16 trials in total (8 in the speech condition and 8 in the
non-speech condition). In any single trial, three syllables were pre-
sented sequentially. The participants had to note which syllable had
a different tone by pressing the corresponding button. The accuracy
and reaction time for each trial were collected. Inverse efficiency
(the average reaction time of correct trials divided by the accuracy)
was then calculated as the index of phonological awareness. This
measure can address the speed-accuracy trade-off effect and has
been used in previous studies examing brain—behavior relationships
(e.g., Wei et al., 2012).

Morphological Production was used to measure morphological
awareness. In each trial, a two-character word was orally given with
one of the characters being the target. The children were asked to
produce two new words containing this target character; in one word,
the target character had the same morpheme as in the given word,
whereas in the other, it had a different morpheme. For example, the
two-character word /mian 4/ /fen 3/ (“flour”) with /mian 4/ as the
target was orally presented. The possible correct answers were /mian
4/ fbao 1/ (“bread”) for the same morpheme response and /mian 4/
/kong 3/ for the different morpheme response. One correct answer
was worth one point. A total of 15 characters were presented with a
maximum score of 30.

Chain Tests were used to measure the subcomponents of char-
acter- and word-level reading. Chain tests are a set of cross-out
tasks, the details of which can be found in our previous study (Zou,
Desroches, Liu, Xia, & Shu, 2012). Briefly, the children were
required to mark a specific target in each subtest. The number of
correct responses and false alarms were counted and the final score
was calculated as follows: ([number of correct responses] — [number
of false alarms]) / (time limit in minute). It should be noted that we
used Chain Tests (phonology-related subtests) instead of rapid
naming because these tasks contain the same two essential elements
(i.e., serial processing and orthography—phonology mapping)
(Georgiou, Parrila, Cui, & Papadopoulos, 2013; Yan, Pan, Lau-
brock, Kliegl, & Shu, 2013) but are more appropriate to estimate
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a relatively pure subcomponent of word reading as no stimuli are
presented twice and no articulation is required. In total, six subtests
were included: (a) Orthography Judgment consisted of 154 items,
including 104 high-frequency characters and 50 non-characters.
Children were asked to mark all non-characters with a slash “\”
in 30 seconds. (b) Onset Judgment consisted of 308 high-
frequency single-character words with an average word frequency
of approximately 125 times per million. The pronunciation of 100
of the items began with /p/, whereas the remaining items did not.
The items were ordered randomly. Children were asked to mark all
words produced with an initial /p/ with a slash “|”. The time limit
for this task was 80 seconds. (c) Rime Judgment contained 120
characters with high frequency, of which 40 characters ended with
the sound /u/. Participants were asked to mark them with a slash “\”
as accurately and rapidly as possible in 80 seconds. (d) Tone Judg-
ment consisted of 120 characters with high frequency, of which 34
characters had a sound with tone 3 (low-falling; e.g., /ma 3/). Par-
ticipants had to mark the 34 characters with a slash “|” as accurately
and rapidly as possible in 80 seconds. (e) Animal Word Identifica-
tion consisted of 110 two- or three-character words with high fre-
quency, 38 of which were animal words. Animal and non-animal
words were presented in a random order. Children were asked to
mark all the animal words with a slash “\”” in 35 seconds. (f) Homo-
phone Discrimination consisted of 110 two-character words with
high frequency, of which 35 words had one character replaced by a
homophone. These pseudo-homophone words do not exist in
Chinese. Participants were required to mark all the pseudo-
homophones with a slash “|”” in 45 seconds. Three reading compo-
nents were estimated based on Chain Tests. Specifically,
orthographic processing was estimated with orthography judgment
(min = —1.649, max = 1.688), orthography—phonology mapping
was estimated with onset, rime and tone judgment (min = —1.539,
max = 2.553), and orthography—semantic mapping was estimated
with animal word identification and homophone discrimination
(min = —1.300, max = 1.669). To create the composite scores for
orthographic-phonological and orthographic—semantic mapping,
raw scores were converted into z scores and averaged.

General intelligence. In this study, IQ was assessed by using the
Chinese Wechsler Intelligence Scale for Children (WISC-CR)
(Wechsler, 1974).

Image acquisition and processing

Before acquiring the real images, all of the children were familiar-
ized with the scanner and the noise of the actual MRI environment
in a mock scanner. All images were collected at Beijing
Normal University’s Brain Imaging Center using a TrioTim 3 Tesla
Siemens scanner. A high-resolution, whole-brain, T1-weighted
structural image was acquired (the magnetization-prepared rapid-
acquisition gradient-echo (MPRAGE) sequence, repetition time
(TR) = 2530 ms; echo time (TE) = 3.39 ms; inversion time (TI)
= 1100 ms; flip angle = 7°; axial slices = 144; slice thickness =
1.33 mm,; field of view (FOV) = 256 x 256 mm; matrix = 256 x
256 x 144; voxel size = 1.33 x 1 x 1.33 mm) for each participant.

CIVET pipeline (v1.1.9; http://www.bic.mni.mcgill.ca/Services
Software/CIVET) was employed to acquire the surface-based
morphometry, as previously described (Gong, He, Chen, & Evans,
2012). T1-weighted MR images were first registered into stereo-
taxic space using a 9-parameter linear transformation. Images were
corrected for non-uniformity artifacts using the N3 algorithm (Sled,

Zijdenbos, & Evans, 1998). The registered and corrected images
were further segmented into gray matter, white matter, cerebrosp-
inal fluid, and background by using a neural net classifier (Sled
et al., 1998; Zijdenbos, Forghani, & Evans, 2002). The inner and
outer gray matter surfaces were then automatically extracted from
each hemisphere using the Constrained Laplacian ASP (CLASP)
algorithm (Kim et al., 2005; MacDonald, Kabani, Avis, & Evans,
2000). Cortical thickness was measured in native space using the
linked distance (i.e., t-link) (Lerch & Evans, 2005) between the two
surfaces at 40,962 vertices per hemisphere. The cortical thickness
algorithm has been validated using both manual measurements
(Kabani, Le Goualher, MacDonald, & Evans, 2001) and simulation
approaches (Lee et al., 2006). Prior to the statistical analyses,
diffusion smoothing was performed using a 20-mm full-width
half-maximum surface-based kernel for the thickness map of each
participant (Chung et al., 2003).

Statistical analyses

The primary objective of this study was to investigate the neuroa-
natomical correlates of reading abilities at different levels, as well
as the relationship between reading-related areas and various
cognitive subcomponents. Before analyzing the brain, we first
calculated the Pearson’s correlations between word-reading effi-
ciency, sentence-reading comprehension and the cognitive subcom-
ponents while controlling for age, gender, and performance 1Q to
determine the relationships between reading and various subcom-
ponents at the behavioral level.

Then, SurfStat (http://www.math.mcgill.ca/keith/surfstat/) was
used to conduct vertex-based statistics to explore the neuroanato-
mical correlates of word-reading efficiency. Confounding factors
(age, gender, and performance 1Q) were controlled in the linear
regression model. We used a whole-brain vertex-wise approach
instead of using pre-defined regions-of-interest (ROIs) to avoid
selection bias. A Random Field Theory (RFT) corrected p cluster
< .05 (height p vertex < .005) was used to address the multiple
comparison error. MNI coordinates were used to report significant
clusters.

Following the whole-brain analysis, we created a mask for each
significant cluster by using a circular ROI with a 4 mm-radius
centered on the peak. The thickness value of each vertex in the
mask was averaged and used in subsequent analyses. ROI analyses
were performed with three aims. To test whether the regions were
also correlated with reading comprehension (Aim 1), we calculated
the Pearson’s correlations (controlling for age, gender, and perfor-
mance 1Q) between the mean CT in each ROI and the sentence-
reading comprehension. To examine whether the regions were
specific to word-reading efficiency (Aim 2), we calculated the
Pearson’s correlations between the mean CT in each ROI and
word-reading efficiency while further controlling for sentence-
reading comprehension. To test the hypothesis that various brain
areas were differentially correlated with specific subcomponents of
reading (Aim 3), we carried out linear regression analyses. In each
regression model, the cognitive measure was adjusted for con-
founding factors (age, gender, and performance 1Q) and was
entered as a dependent variable, whereas the CTs of all significant
brain areas were entered as predictors using a stepwise selection
method (criteria: probability of F' to enter <.05, probability of
F to remove >.100). A threshold of false discovery rate (FDR)
corrected p < .05 was used in each test.


http://www.bic.mni.mcgill.ca/ServicesSoftware/CIVET
http://www.bic.mni.mcgill.ca/ServicesSoftware/CIVET
http://www.math.mcgill.ca/keith/surfstat/

346

International Journal of Behavioral Development 42(3)

Table |. Demographic information and behavioral performance on
reading-related tasks.

Standard
Behavior task Minimum Maximum Mean deviation
Full scale 1Q (standard score) 95 122 107.50 7.90
Verbal IQ (standard score) 96 122 107.00 7.10
Performance IQ (standard score) 84 128 107.33 9.54
Word list reading (word/min) 64 122 93.89 14.57
Reading fluency (character/min) 172 562 31552 79.28
Tone identification (area under 0.81 1.00 0.94 0.04
the curve)
Tone detection (inverse efficiency) 3,447 17,186 8,477 4,094
Morphological production 19 30 24.57 2.64
(correct response)
Chain tests (item/min)
Orthography judgment 38.00 70.00 53.8I 9.59
Onset judgment 11.25 31.50 18.86 5.04
Final judgment 7.50 28.50 15.64 4.50
Tone judgment 4.50 23.25 11.29 5.21
Animal word identification 27.43 41.14 32.49 4.07
Homophone discrimination 12.00 33.33 21.78 6.22

Note. n = 21.

Similar analyses were conducted for sentence-reading compre-
hension. First, a whole-brain vertex-wise analysis was conducted to
determine whether the CT variations of a brain area could explain
individual differences in reading comprehension. Next, ROI analyses
were performed to answer the following questions: (1) whether these
regions were also associated with word-reading efficiency or (2) were
unique to sentence-reading comprehension, and (3) whether there
were relationships between the reading-related areas and cognitive
subcomponents underlying sentence-reading comprehension. For the
third question, it is important to note that both the same stepwise
selection method and significant threshold of corrected p < .05 were
used in the linear regression models. All of the behavioral statistics
and ROI analyses were performed using SPSS18.0 (IBM, Inc.).

Results

Descriptive statistics and correlations between
behavioral measures

Table 1 shows the mean, standard deviation, minimal and maximal
values of all behavioral measurements. The 1Q of each child fell
within the normal range (Full Scale 1Q: 95-122, verbal 1Q: 96—
122, performance 1Q: 84-128.). There was a wide range of reading
performances in the word-reading and sentence comprehension tasks
(word-reading efficiency: raw score 64—122; sentence-reading
comprehension: raw score 172-562).

Word-reading efficiency and sentence-reading comprehension
were significantly correlated (r = 0.470, p = .049; Table 2). Word-
reading efficiency was also significantly correlated with several
subcomponents including phonological representation (» = 0.643,
p = .004), phonological awareness (r = 0.516, p = .029), ortho-
graphy—phonology mapping (» = 0.662, p = .003) and orthogra-
phy—semantic mapping (» = 0.536, p = .022). The correlations
between word-reading efficiency with morphological awareness
(r = 0.165, p = .513) and orthographical processing (r = 0.149,
p = .555) were not significant. In contrast to word-reading
efficiency, sentence-reading comprehension was significantly

correlated with morphological awareness (» = 0.502, p = .034) and
orthographic processing (r = 0.505, p = .032). Sentence-reading
comprehension was also significantly correlated with orthography—
semantic mapping (» = 0.772, p < .001) and two out of the three
phonological subcomponents (phonological representation: r =
0.508, p = .032; phonological awareness: r = 0.203, p = .418;
orthography—phonology mapping: » = 0.621, p = .006).

Correlations between cortical thickness and word-
reading efficiency/reading-related subcomponents

Whole-brain regression. Significant positive correlations between
CT and word-reading efficiency were found in four brain areas after
controlling for age, gender and performance 1Q (Table 3, Figure
1A). These clusters were in the right superior temporal gyrus
(RSTG: x, y, z = 43, —19, 3), left inferior temporal gyrus (LITG:
X,y,z=—55,—-31, —27), left superior temporal gyrus (LSTG: x, y,
z = —39, —22, 6), and left supramarginal gyrus (LSMG: x, y, z =
—60, —37, 37). In other words, children aged 10-12 years who
performed better in word reading had a thicker cortex in these four
regions. No regions showed a significant negative correlation.

ROI analyses. We extracted the mean thickness of the 4 ROIs
identified by the whole-brain analysis. To examine the similarity,
we determined whether these regions also correlated with the
sentence comprehension scores. None of the correlations was sig-
nificant after FDR correction (ps > .05, corrected). To test the
specificity, we added the sentence comprehension score as a cov-
ariate of uninterest while calculating correlations between CT and
word-reading efficiency. The results showed that the correlations in
all four ROIs remained significant (RSTG: » = 0.708, p = .001;
LITG: r = 0.676, p = .003; LSTG: r = 0.712, p = .001; LSMG:
r = 0.708, p = .001). Finally, we examined the relationship
between CT in these ROIs and the subcomponents of interest.
Consequently, we found a significant contribution of the LITG in
predicting orthography—phonology mapping (¢ = 3.153, p = .005),
the LSMG in predicting phonological awareness (t = 2.438, p =
.025), and the LSTG in predicting the categorical perception of
lexical tones (¢ = 3.17, p = .005). All of the correlations remained
significant (ps < .05) after the FDR correction for the number of
analyses. There was no significant result for orthographic process-
ing (Table 4 and Figure 2).

Correlations between cortical thickness and
sentence-reading comprehension/reading-related
subcomponents

Whole-brain regression. Two significant clusters correlated with
sentence-reading comprehension independent of age, gender
and performance 1Q (Table 3, Figure 1B). These clusters were
in the left parahippocampus (LPHP: x, y, z = -27, —1, —27)
and right calcarine fissure (RV1: x,y, z =9, —104, 5). In other
words, children aged 10-12 years who performed better in
reading comprehension had a thicker cortex in these two
regions.

ROI analysis. In the ROI analysis, we first examined whether these
regions also correlated with word-reading efficiency and found that
all of the correlations were non-significant after FDR correction
(ps > .05, corrected). Then, we added word-reading efficiency as
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Table 2. Partial correlations between reading abilities and underlying cognitive skills, while controlling for age, gender, and performance Q.
No Measured Skills | 2 3 4 5 6 7 8
| Word reading efficiency -
2 Sentence-reading comprehension 0.470* -
3 Phonological representation 0.643%* 0.508* -
4 Phonological awareness 0.516* 0.203 —0.634%* -
5 Morphological awareness 0.165 0.502* 0.347 0.108 -
6 Orthography—phonology mapping 0.662°* 0.62** 0.674** 0.69 1 0.181 -
7 Orthography—semantic mapping 0.536* 0.772%%* 0.491* 0.288 0.4061 0.559* -
8 Orthographic processing 0.149 0.505* —0.026 —0.116 0.260 0.158 0.4317 -
Note. n = 21; tp <.I, *p < .05, ¥p < .01, **p < .001I.
Table 3. Significant clusters identified by the whole-brain regression analyses for word-reading efficiency and sentence-reading comprehension.
Peak
Number  p cluster  95% confidence
Reading measures Name Regions of vertex (corrected) interval for §  tvalue x y z
Word-reading efficiency RSTG Right superior temporal gyrus 501 0.011 22.331,56.034 529 43 -9 3
LITG Left inferior temporal gyrus 451 0.029 22.750,61.825 449 55 31 -27
LSTG Left superior temporal gyrus and Heschl gyrus 431 0.037 16.878, 44.305 578 -39 -22 6
LSMG Left supramarginal gyrus 290 0.041 31.968,84.180 553 —-60 37 37
Sentence-reading LPHP  Left parahippocampus 193 0.022 73.838,219.046 427 -27 -1 =27
comprehension
RVI  Right calcarine fissure 334 0.023 167.590, 371.509 7.85 9 —104 5

Note. n = 21. Mean thickness of the cluster was used to calculate 95% confidence interval.

a covariate of uninterest when calculating the correlations between
CT and sentence-reading comprehension to examine the specificity.
We found that both correlations remained significant (RV1: r =
0.897, p = .001; LPHP: = 0.646, p = .005). Finally, we examined
the relationship between CT in the reading-defined regions with the
cognitive subcomponent. The results showed a significant contri-
bution of the RV in predicting orthography—semantic mapping
(t = 3.184, p = .005) and the LPHP in predicting morphological
awareness (¢ = 3.08, p = .006) (Table 4 and Figure 2). Both of these
remained significant (ps < .05) after FDR correction for the number
of analyses. No significant results were found for orthographic
processing.

Discussion

Reading is an essential skill in modern society. Understanding the
neural mechanisms underlying successful reading acquisition
benefits educational practices, especially for those who have diffi-
culties in reading. By combining structural images with a series of
reading tasks, we identified spatially distinct neural correlates for
reading competence at the level of word-reading efficiency and sen-
tence comprehension in a group of typically developing children.
Moreover, we demonstrated that the CT of specific reading-related
regions predicts children’s performance on different cognitive sub-
components, supporting the multi-componential view of reading.

Reading fluency and underlying cognitive
subcomponents

Fluent word reading requires participants to name high-frequency
words as accurately as possible. During this process, multiple

cognitive subcomponents including orthographic identification,
phonological representation and access, and speech articulation are
recruited (Indefrey, 2011; Indefrey & Levelt, 2004). In line with
such a multi-componential view, we found that the children’s per-
formance on this task positively correlated with three phonological
processing skills, including phonological awareness, categorical
perception of lexical tones and orthographic—phonological
mapping. The importance of phonological awareness has been
implicated when learning to read (Melby-Lervag, Lyster, & Hulme,
2012), and its impairment has been regarded as a major deficit in
dyslexia (Gabrieli, 2009; Vellutino, Fletcher, Snowling, & Scanlon,
2004; Wagner & Torgensen, 1987). There is an ongoing debate on
whether the deficit occurs in phonological representation or access
to phonological processing as both hypotheses are supported by
behavioral and neuroimaging research (Boets et al., 2013; Ramus,
2004; Ramus & Abhissar, 2012; Ramus & Szenkovits, 2008). On the
one hand, the close link between poor phonological awareness and
speech perception deficits (e.g., lack of categorical perception of
phonological features) has demonstrated a preference for the rep-
resentation explanation (Nittrouer & Pennington, 2010; Tong,
Tong, & McBride-Chang, 2015; Wang, Huss, Hamalainen, & Gos-
wami, 2012; Zhang et al., 2012). On the other hand, rapid naming
explains unique variations in children’s reading ability (Landerl
et al., 2013; Norton & Wolf, 2012; Vaessen et al., 2010). The
mechanisms underlying the close relationship between rapid naming
and reading are thought to be the shared processes of serial process-
ing and orthography—phonology mapping (Georgiou et al., 2013;
Yan et al., 2013). Therefore, the access explanation of the phonolo-
gical deficit hypothesis is supported. In the current study, we found
significant correlations between reading ability and all three phono-
logical processing-related subcomponents. This result suggests that
representation, access and manipulation of phonological information
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A. Correlation between Cortical Thickness and Word Reading Efficiency
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B. Correlation between Cortical Thickness and Word Reading Comprehension
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Figure I. A. Results of the whole-brain regression analysis between word reading efficiency and cortical thickness, controlling for age, gender and

performance IQ (n = 21). Clusters that survived the random field theory (RFT) correction are presented on a standard inflated surface template. Left panel:
clusters with an RFT-corrected p < .05 are projected on a standard surface template. Right panel: scatter plots present the brain—behavior correlation in
each significant cluster (x axis: cortical thickness in mm, y axis: reading scores adjusted for age, gender and performance 1Q). B. Results of sentence-reading

comprehension are presented in the same way.

may all contribute to Chinese reading fluency, at least in typically
developing children at the end of elementary school.

In contrast to oral word reading, better performance on silent
sentence comprehension relies more on semantic processing and
orthographic—semantic mapping. For example, Oakhill and Cain
(2012) demonstrated that reading comprehension could be pre-
dicted by cognitive skills such as inference, comprehension moni-
toring, knowledge, use of story structure, vocabulary, and verbal 1Q,
most of which are related to basic and higher level semantic pro-
cesses. Their finding is consistent with research on resilient readers
(adults with intact reading comprehension skills despite poor pho-
nological ability), whose reading comprehension performance is

associated with high-level semantic skills, as well as general world
knowledge (Welcome et al., 2009). The “lexical quality hypothesis”
proposed by Perfetti and Hart (2002) posits that skilled reading
comprehension depends on the quality of lexical representation and
the retrieval of semantic information from orthographic forms. In
accordance with this hypothesis and previous research, we found
strong correlations between sentence comprehension and the sub-
components including morphological awareness, orthographic
skills, and orthographic—semantic mapping. Taken together, oral
word reading and sentence comprehension recruit both common
and distinct cognitive subcomponents in Chinese typically develop-
ing children in higher elementary school grades.
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Table 4. Results of multiple regressions using thickness of regions-of-interest to predict subcomponents of reading.

95% confidence
Reading skills Models Subcomponents Significant Regions AR? tvalue pvalue interval for 8

Word-reading efficiency® Orthographic processing - - -

Orthography—phonology mapping Left inferior temporal gyrus  0.343  3.153  0.005 1.605, 7.944

|

2

3 Phonological awareness Left supramarginal gyrus 0.238 2438 0.025 0.376, 4.940

4 Phonological representation Left superior temporal gyrus 0.346 3.170  0.005 0.425, 2.075
Sentence-reading comprehension® 5 Orthographic processing - - - - -

6 Orthography—semantic mapping  Right calcarine fissure 0.348 3.184 0.005 I.111, 5375

7 Morphological awareness Left parahippocampus 0.333 3.080 0.006 0.300, 1.573

Note. n = 21.

?Mean cortical thickness in all four word-reading efficiency related regions-of-interest were entered into the model with a stepwise selection method (criteria:
probability of F to enter <.05, probability of F to remove >.100).

®The two sentence-reading comprehension related regions-of-interest were entered into the model with the same stepwise selection method.

In all the analyses, subcomponents were first adjusted for age, gender and performance IQ. The residuals entered the model as dependent variables.
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Figure 2. Scatter plots display the correlation between the significant predictor and the reading subcomponents (n = 21).

Note. The subcomponent scores were adjusted for age, gender and performance IQ. A. Phonological representation is predicted by cortical thickness in the
left superior temporal gyrus. B. Phonological awareness is predicted by cortical thickness in the left supramarginal gyrus. C. Orthography—phonology
mapping is predicted by cortical thickness in the left inferior temporal gyrus. D. Morphological awareness is predicted by cortical thickness in the left
parahippocampus. E. Orthography—semantic mapping is predicted by cortical thickness in the right calcarine fissure.

Neuroanatomical properties of temporo-parietal associated with orthography—phonology mapping. These results are

L . . . istent with previous fMRI studies whereby the left-hemispheric
and occipito-temporal cortices are associated with conss reviou o
P P neural network, including the inferior frontal cortex, SMG and ITG,

word-r ead’ng efﬁc:ency was found to be involved in reading (Dehaene & Cohen, 2011;
Graves et al., 2010; Hartwigsen et al., 2010; Price, 2012; Price &
Devlin, 2011; Sliwinska, Khadilkar, Campbell-Ratcliffe,
Quevenco, & Devlin, 2012; Stoeckel, Gough, Watkins, & Devlin,
2009). Among these areas, the LSMG is mainly associated with
phonological processing. For example, Jednorog et al. (2015) found

In the present study, CT in the left temporo-parietal and occipito-
temporal regions was positively correlated with children’s
word-reading efficiency, as well as cognitive subcomponents. The
left temporo-parietal cortex was associated with phonological
awareness, whereas the left occipito-temporal cortex was
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reading accuracy in time-limited tasks to be positively correlated
with gray matter volume (GMV) in the LSMG, independent of
varying in orthographic transparencies (French, German, and Pol-
ish). Applying repetitive transcranial magnetic stimulation to this
region can cause a significant delay in participants’ naming speed
(Hartwigsen et al., 2010; Sliwinska et al., 2012; Stoeckel et al.,
2009). Moreover, our finding that CT in the LSMG uniquely pre-
dicted phonological awareness is in line with the idea that impair-
ment in this region might underlie the predominant phonological
deficit in dyslexia (Gabrieli, 2009). The left occipito-temporal cor-
tex is another region closely linked with reading. This region con-
tains a small area termed visual word form area (Dehaene, Le Clec,
Poline, Le Bihan, & Cohen, 2002), which displays consistent acti-
vation during processing words and word-like stimuli. Although in
the past 10 years there has been debate regarding the precise func-
tion of this area, the left occipito-temporal cortex has been widely
accepted to be an interface for orthographic, phonological, and
semantic information (Dehaene & Cohen, 2011; Price & Devlin,
2011). In particular, the functional and structural properties of this
area have been proven to be shaped by establishing a new correla-
tion between orthography and phonology (Brem et al., 2010; Hashi-
moto & Sakai, 2004; Xue, Chen, Jin, & Dong, 2006). In line with this
evidence, we found that CT variances in the reading-defined LITG
could predict orthography—phonology mapping in typically develop-
ing Chinese children.

Dyslexia has been shown to be associated with altered brain
morphometry in left hemispheric regions such as the left inferior
frontal, bilateral temporo-parietal and occipito-temporal areas
(Hoeft et al., 2007; Linkersdorfer, Lonnemann, Lindberg,
Hasselhorn, & Fiebach, 2012; Richlan et al., 2013). However, the
first CT study of dyslexia did not reveal any differences between
adults with dyslexia and normal controls (Frye et al., 2010). Then,
by using a novel functional localizer, Altarelli and colleagues iden-
tified a CT reduction in the fusiform gyrus in girls with dyslexia
(Altarelli et al., 2013). Most recently, a reduced CT in bilateral
occipito-temporal areas was demonstrated in patients with dyslexia
using a relatively large sample size (Williams et al., 2017). This
inconsistency might be because CT is affected more by environ-
mental factors and experience, whereas cortical surface area (CSA),
another measure of neuroanatomy, is affected more by genetic
factors. For example, Clark et al. (2014) followed a group of pre-
literate children with or without risk of dyslexia and found that CT
deficits in children with dyslexia emerged only when they were in
the sixth grade, after a long time of reading instruction. By contrast,
Black et al. (2012) found that familial risk was associated with CSA
in the temporo-parietal region. These observations might explain
why we found CT-reading competence correlations in typically
developing children. As our participants were still at the stage of
fluent reading development, they spent a great amount of time
building phonological representations and mapping orthography
and phonology information. Such intense training may drive ana-
tomical changes in specific areas such as the left temporo-parietal
and occipito-temporal regions. We will provide more discussion on
this topic in the section below.

Relationships between the auditory cortex,
speech—sound processing, and reading acquisition

In the present study, we found that CT in the bilateral auditory areas
was significantly correlated with oral word reading which contains

a production subcomponent. Based on the audio-centric view, the
main goal of speech production is to generate a target sound
(Hickok, Houde, & Rong, 2011), during which both phonological
code representation and retrieval are important. Additionally, a
Sylvian parietal temporal region has been regarded as the interface
between auditory and motor system and plays an essential role in
speech production. Therefore, the auditory system may act as a
representation center, a feed-forward center or both during speech
perception and production (Hickok et al., 2011). Importantly, we
found that the CT in the reading-defined LSTG was also positively
correlated with the categorical perception of lexical tones. Category
perception affects print-sound mapping (Chang et al., 2010; Ramus,
Marshall, Rosen, & van der Lely, 2013), and has been proven to be
correlated with reading abilities across different languages
(Nittrouer & Pennington, 2010). A previous study by our research
group demonstrated that children with dyslexia displayed atypical
neurophysiological activity, indicating a deficit in the categorical
perception of lexical tones (Zhang et al., 2012). The neuroimaging
finding of the present study suggests that the LSTG might be the
potential neuroanatomical basis for this deficit. The behavioral
result, on the other hand, extends the close relationship between
lexical tone identification and character recognition in preliterate
(Tong et al., 2015) to school-aged children.

From a more general perspective, basic aspects of auditory
processing might underlie the association between the LSTG and
reading as well as categorical perception. Children acquire the abil-
ity to process auditory signals only a few days after birth, and this
ability is a good predictor of language and literacy development
(Kuhl, 2004, 2010). Both behavioral and neuroimaging findings
have indicated that dyslexic and at-risk children exhibit impaired
speech—sound processing (Goswami et al., 2002; Guttorm, Leppa-
nen, Himaildinen, Eklund, & Lyytinen, 2010; Powers, Wang,
Beach, Sideridis, & Gaab, 2016; Szenkovits & Ramus, 2005;
Talcott et al., 2000; Tallal, 2004, 2012; Witton et al., 1998). A recent
magnetoencephalography study found that people with dyslexia had
altered low-gamma sampling in the left planum temporale. This area
was associated with oral word-reading performance in adults, as well
as three reading-correlated cognitive subcomponents: phonological
awareness, rapid naming and verbal working memory (Lehongre,
Ramus, Villiermet, Schwartz, & Giraud, 2011).

Neuroanatomical correlates of reading comprehension
efficiency at the sentence level

Compared with the well-established neural network for reading at
the word level, there is much less imaging research on reading
comprehension efficiency (Benjamin & Gaab, 2012; Christodoulou
et al., 2014; Langer, Benjamin, Minas, & Gaab, 2015). An fMRI
study revealed that distributed regions in the bilateral frontal, tem-
poral, and occipital lobes are activated during semantic judgment of
sentences; among these areas, the activation level in the occipital/
fusiform cortex increases with an increase in the stimuli (word)
presentation rate (Benjamin & Gaab, 2012). Studies of dyslexia
using a similar paradigm have revealed altered activation in the left
inferior frontal region, left posterior temporal gyrus, and fusiform
gyrus (Christodoulou et al., 2014; Langer et al., 2015). Regarding
the brain structure, resilient readers show greater variability in the
asymmetry of the mean length of the planum temporale than typical
readers, whereas persistent poor readers display a trend in the same
direction (Welcome et al., 2010). Across groups, planar asymmetry
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is signficiantly correlated with decoding skill, but not with compre-
hension performance. These findings indicate that the anomaly in
the auditory cortex might be driven by an impaired phonological
ability shared by dyslexic and resilient readers and less associated
with comprehension. This idea is further supported by a study that
indicated that both poor and resilient readers have altered symmetry
in temporo-parietal regions, but only poor readers show abnormality
in frontal areas (Welcome et al., 2011).

In this study, we identified that the right visual and left para-
hippocampal regions are associated with fluency in sentence
comprehension. In other words, in children aged 10-12 years, the
brain morphometry in these two regions is sensitive to reading
comprehension performance. These areas have been found to be
involved in fluent sentence processing and lexical processing at the
word level (Binder et al., 2003). For example, the right primary
visual cortex has been found to play an important role in word read-
ing, in both feedforward and feedback communication (Woodhead
et al., 2014). Cao et al. (2009) found that the right middle occipital
gyrus, which is involved in the visuo-spatial analysis of Chinese
characters, is more effectively engaged in skilled readers than
children. Moreover, similar to the pattern found in oral word
reading, a multi-componential pattern was also found for sentence
comprehension; whereas CT in the RV1 was correlated with ortho-
graphy—semantic mapping, CT in the LPHP was correlated with
morphological awareness. Notably, we did not find any significant
correlation between sentence comprehension and CT in either
the frontal region or fusiform gyrus. This observation could be
caused by several possibilities; for example, behavioral variations
in this age range may be captured by functional brain measures
other than morphometry. More discussion regarding this issue is
provided in what follows.

Developmental perspective of reading brain
maturation in a specific language

Results of previous studies of identifying reading-related brain
areas are sometimes inconsistent. For example, even for studies
conducted in the same language, the exact locations of significant
brain areas are not the same. One possible reason for this incon-
sistency is that the direction and strength of the brain-reading
correlation are age-specific. That is, the correlation patterns can
change with development. The developmental dynamic has been
confirmed in some previous studies. For example, Yeatman,
Dougherty, Ben-Shachar, and Wandell (2012) examined the change
in fractional anisotropy (FA) in specific white matter tracts of both
poor and good readers. The authors found higher FA in poor readers
than good readers at the first timepoint of testing. Then, in the
following year, poor readers showed a decrease in FA, whereas
good readers displayed an increase in FA. Finally, at the final MRI
scan session, an opposite pattern appeared: poor readers showed
lower FA than good readers. As for neuroanatomical measures,
Clark et al. (2014) found that CT differences in putative reading
areas (e.g., left occipito-parietal cortex) only exist in children with
dyslexia in the sixth grade but not earlier. However, Xia, Hoeft,
Zhang, and Shu (2016), using a Chinese sample, found that the left
inferior frontal and occipito-temporal areas showed a decrease in
GMV in a group of children with dyslexia at an average age of 11
years compared with that in age-matched controls but showed an
increase in GMV in children with dyslexia at an average age of 14
years compared with that of non-dyslexic peers.

Imaging studies have shown that structural changes (e.g., GMV
and CT) occur with skill learning, such as studies of motor and
language learning (Lovden et al., 2013; Martensson et al., 2012;
Zatorre, Fields, & Johansen-Berg, 2012). In general, acquisition of
anew skill thickens specific cortical regions, whereas consolidation
is associated with cortical thinning (Lovden et al., 2013). As for
reading development, we hypothesize that at young ages, the cor-
relations are positive, whereas at later stages the correlations are
negative. Although weak and indirect, evidence to date seems to be
in line with this hypothesis. In children, Lu et al. (2007) found that
thickening of a region in the left inferior frontal gyrus was posi-
tively correlated with phonological skill development, which is one
of the strongest predictors of reading acquisition in alphabetic lan-
guages. By contrast, Blackmon et al. (2010) found that CT in the
LITG was negatively correlated with adults’ performance on read-
ing irregular English words. In this study, we focused on a narrow
age range from 10 to 12 years, which is an important period for
developing automatic oral reading fluency and gaining skilled read-
ing comprehension (Shu et al., 2003). According to our hypothesis,
positive correlations between thickness and reading skills should be
observed. Such correlations found in the present study confirmed
the importance of both factors, age and brain region, in the devel-
opment of the reading neural network. That is, the age range of the
subjects (age 10—12 years) might be one of the reasons that positive
correlations were found between some specific brain areas and
reading performance as well as various cognitive subcomponents.
If we looked into another developmental stage, the correlation
might change. Moreover, for some regions such as the fronto-
parietal network, correlations might be found only during a spe-
cific period in which these regions are specifically recruited for
reading (Church, Coalson, Lugar, Petersen, & Schlaggar, 2008).
Therefore, describing the relationship between the brain and read-
ing skills from birth to a mature stage is important to clarify at
what time point which brain areas play an important role in
reading.

Another important issue in reading research is whether the cog-
nitive or neural mechanism of reading (Landerl et al., 2013) or the
behavioral/neurobiological deficit in dyslexia is universal across
languages (Jednorog et al., 2015; Paulesu et al., 2001). Unlike
alphabetic languages, Chinese is a logographic language that has
a higher visual complexity and a unique phonological system, thus
providing a unique opportunity to answer this question (Xia, Hoeft,
Zhang, & Shu, 2016; Zhou, Xia, Bi, & Shu, 2015). He et al. (2013)
explored the relationships between the GMV of various brain
regions and different reading subcomponents. However, the com-
posite reading scores they used were extracted from tasks in both
English and Chinese. As for the relationship between CT and read-
ing skills, previous studies have shown relationships in different
directions between English and Chinese, at least in a region located
in the left occipito-temporal cortex (Blackmon et al., 2010; Zhang
et al., 2013). In line with previous research (Lei et al., 2011; Shu,
McBride-Chang, Wu, & Liu, 2006), the behavioral results of the
present study demonstrated that phonological processing is a core
component for word reading, whereas semantic processing is more
important for sentence comprehension. In terms of neural corre-
lates, we identified four regions associated with word reading in
Chinese typically developing children with an average age of 11
years. These regions included the left SMG and ITG, which have
been repeatedly reported to be involved in alphabetic languages.
This result is understandable given that reading includes the process
of mapping orthographic information to phonological information
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regardless of language (Rueckl et al., 2015). As for reading com-
prehension, however, we cannot make a conclusion on the unique-
ness or universality because of the limited number of studies on
sentence comprehension in both English and Chinese.

Caveats and further directions

The findings of this study should be interpreted with caution. First,
the findings need to be replicated by studies with larger samples.
Second, this study covers a limited number of the central subcom-
ponents of reading. For example, we did not have measures on
articulation quality in word reading or semantic integration in sen-
tence comprehension. Third, in this study we did not find a signif-
icant relationship between CT in the inferior frontal regions and
reading performances either at the word or sentence level. This result
is unexpected in Chinese because Chinese character processing
recruits the left middle frontal region, which is considered a cross-
modal center for orthographic—phonological and orthographic-to-
semantic transformation (Siok, Niu, Jin, Perfetti, & Tan, 2008; Tan,
Laird, Li, & Fox, 2005; Wu, Ho, & Chen, 2012). We propose several
possible explanations for this result: 1) we focused on typical readers,
whereas CT in this area might be altered in persons with dyslexia; 2)
we focused on a narrow age range of 10—12 years, whereas CT in this
area might be associated with reading performance at other devel-
opmental stages; 3) other brain measures of this area, e.g., functional
connectivity, might be more sensitive to individual differences in
reading and its subcomponents.

In addition to age and development, other factors need to be taken
into consideration in future studies. First, reading experience plays a
significant role in shaping the brain. For example, at the functional
level, formal reading instruction profoundly refines cortical organi-
zation (Brem et al., 2010; Dehaene et al., 2010). There is also evi-
dence to indicate that a reduced congruency effect in the planum
temporale of those with dyslexia may be a consequence of abnormal
reading acquisition (Blau et al., 2010). With regard to neuroanatomy,
print exposure is associated with a thickened CT of distributed cano-
nical reading-related areas, including the left ventral occipito-
temporal and temporo-parietal regions (Goldman & Manis, 2013).
In this sense, the relationship between the brain and reading is likely
bidirectional and should be examined further. Gender is another
important factor that needs to be taken into consideration. A previous
study found that dyslexic girls had a thinner gray matter in the
functionally defined visual word form area (Altarelli et al., 2013).
Furthermore, environmental factors such as socioeconomic status
modulate the brain—reading relationships (Gullick, Demir-Lira, &
Booth, 2016). To further address these issues, longitudinal studies
with large samples are needed.

Summary

This study identified distinct neuroanatomical correlates for
word-reading fluency and sentence comprehension efficiency
in non-impaired children and demonstrated that typical reading
is associated with multiple cognitive subcomponents and CT in
the corresponding brain areas. As the brain circuitry for reading
is shaped by the interplay of genetic and environmental factors,
future studies should explore how the brain-reading relation-
ships change during development and the impact of these
interactions.

Acknowledgements

The authors thank all of the families who participanted in this study
and all of the testers. We thank Y.B. and J.Z. for their helpful
comments and suggestions for preparing the manuscript. We thank
L.Z. for the language editing.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with respect
to the research, authorship, and/or publication of this article.

Funding

The author(s) disclosed receipt of the following financial support
for the research, authorship, and/or publication of this article:
National Key Basic Research Program of China 2014CB846103,
Natural Science Foundation of China 31271082, 31671126,
31611130107, Beijing Municipal Science & Technology Commis-
sion Z151100003915122, Fundamental Research Fund for the Cen-
tral Universities, China Scholarship Council, NIH grants
RO1HDO078351, ROIHD086168, UCSF Dyslexia Center, the Potter
Family, ROIMH104438, and ROIMH103371, NSF grant NSF
1540854, Oak Foundation grant ORIO-16-012, and University of
CA office of the President Award MRP-17-454925.

References

Altarelli, I., Monzalvo, K., Iannuzzi, S., Fluss, J., Billard, C., Ramus, F.,
& Dehaene-Lambertz, G. (2013). A functionally guided approach to
the morphometry of occipitotemporal regions in developmental
Dyslexia: Evidence for differential effects in boys and girls. Journal
of Neuroscience, 33, 11296-11301.

Anurova, I., Renier, L. A., De Volder, A. G., Carlson, S., & Rauschecker,
J. P. (2015). Relationship between cortical thickness and functional
activation in the early blind. Cerebral Cortex, 25, 2035-2048.

Benjamin, C. F. A., & Gaab, N. (2012). What’s the story? The tale of
reading fluency told at speed. Human Brain Mapping, 33,
2572-2585.

Binder, J. R., McKiernan, K. A., Parsons, M. E., Westbury, C. F.,
Possing, E. T., Kaufman, J. N., & Buchanan, L. (2003). Neural
correlates of lexical access during visual word recognition. Journal
of Cognitive Neuroscience, 15, 372-393.

Black, J. M., Tanaka, H., Stanley, L., Nagamine, M., Zakerani, N.,
Thurston, A., ... Hoeft, F. (2012). Maternal history of reading dif-
ficulty is associated with reduced language-related gray matter in
beginning readers. Neuroimage, 59, 3021-3032.

Blackmon, K., Barr, W. B., Kuzniecky, R., DuBois, J., Carlson, C.,
Quinn, B. T., ... Thesen, T. (2010). Phonetically irregular word
pronunciation and cortical thickness in the adult brain. Neuroimage,
51, 1453-1458.

Blau, V., Reithler, J., van Atteveldt, N., Seitz, J., Gerretsen, P.,
Goebel, R., & Blomert, L. (2010). Deviant processing of
letters and speech sounds as proximate cause of reading failure:
A functional magnetic resonance imaging study of dyslexic
children. Brain, 133, 868-879.

Boets, B., Op de Beeck, H. P., Vandermosten, M., Scott, S. K., Gillebert,
C. R, Mantini, D., ... Ghesquiere, P. (2013). Intact but less acces-
sible phonetic representations in adults with dyslexia. Science, 342,
1251-1254.

Brem, S., Bach, S., Kucian, K., Guttorm, T. K., Martin, E., Lyytinen,
H., ... Richardson, U. (2010). Brain sensitivity to print emerges
when children learn letter-speech sound correspondences.



Xia et al.

353

Proceedings of the National Academy of Sciences U S A, 107,
7939-7944.

Brenhouse, H. C., & Andersen, S. L. (2011). Developmental trajec-
tories during adolescence in males and females: A cross-species
understanding of underlying brain changes. Neuroscience & Biobe-
havioral Review, 35, 1687-1703.

Cao, F., Peng, D., Liu, L., Jin, Z., Fan, N., Deng, Y., & Booth, J. R.
(2009). Developmental differences of neurocognitive networks for
phonological and semantic processing in Chinese word reading.
Human Brain Mapping, 30, 797-809.

Chang, E. F., Rieger, J. W., Johnson, K., Berger, M. S., Barbaro, N. M.,
& Knight, R. T. (2010). Categorical speech representation in human
superior temporal gyrus. Nature Neuroscience, 13, 1428-1432.

Christodoulou, J. A., Del Tufo, S. N., Lymberis, J., Saxler, P. K.,
Ghosh, S. S., Triantafyllou, C., ... Gabrieli, J. D. (2014). Brain
bases of reading fluency in typical reading and impaired fluency
in dyslexia. PLoS One, 9, e100552.

Chung, M. K., Worsley, K. J., Robbins, S., Paus, T., Taylor, J., Giedd,
J. N, ... Evans, A. C. (2003). Deformation-based surface mor-
phometry applied to gray matter deformation. Neuroimage, 18,
198-213.

Church, J. A., Coalson, R. S., Lugar, H. M., Petersen, S. E., & Schlag-
gar, B. L. (2008). A developmental fMRI study of reading and
repetition reveals changes in phonological and visual mechanisms
over age. Cerebral Cortex, 18(9), 2054-2065.

Clark, K. A., Helland, T., Specht, K., Narr, K. L., Manis, F. R., Toga, A.
W., & Hugdahl, K. (2014). Neuroanatomical precursors of dyslexia
identified from pre-reading through to age 11. Brain, 137,
3136-3141.

Cohen-Shikora, E. R., & Balota, D. A. (2016). Visual word recognition
across the adult lifespan. Psychology and Aging, 31, 488-502.
Dehaene, S., & Cohen, L. (2011). The unique role of the visual
word form area in reading. Trends in Cognitive Sciences, 15,

254-262.

Dehaene, S., Le Clec, H. G., Poline, J. B., Le Bihan, D., & Cohen, L.
(2002). The visual word form area: A prelexical representation of
visual words in the fusiform gyrus. Neuroreport, 13, 321-325.

Dehaene, S., Pegado, F., Braga, L. W., Ventura, P., Nunes Filho, G.,
Jobert, A., ... Cohen, L. (2010). How learning to read changes the
cortical networks for vision and language. Science, 330, 1359-1364.

Frost, R. (2012). Towards a universal model of reading. Behavioral and
Brain Sciences, 35, 263-279.

Frye, R. E., Liederman, J., Malmberg, B., McLean, J., Strickland, D., &
Beauchamp, M. S. (2010). Surface area accounts for the relation of
gray matter volume to reading-related skills and history of dyslexia.
Cerebral Cortex, 20, 2625-2635.

Gabrieli, J. D. (2009). Dyslexia: A new synergy between education and
cognitive neuroscience. Science, 325, 280-283.

Georgiou, G. K., Parrila, R., Cui, Y., & Papadopoulos, T. C. (2013).
Why is rapid automatized naming related to reading? Journal of
Experimental Child Psychology, 115, 218-225.

Goldman, J. G., & Manis, F. R. (2013). Relationships among cortical
thickness, reading skill, and print exposure in adults. Scientific Stud-
ies of Reading, 17, 163—176.

Golestani, N. (2014). Brain structural correlates of individual differ-
ences at low-to high-levels of the language processing hierarchy: A
review of new approaches to imaging research. International Jour-
nal of Bilingualism, 18, 6-34.

Gong, G., He, Y., Chen, Z. J., & Evans, A. C. (2012). Convergence and
divergence of thickness correlations with diffusion connections
across the human cerebral cortex. Neuroimage, 59, 1239-1248.

Goswami, U., Thomson, J., Richardson, U., Stainthorp, R., Hughes, D.,
Rosen, S., & Scott, S. K. (2002). Amplitude envelope onsets and
developmental dyslexia: A new hypothesis. Proceedings of the
National Academy of Sciences U S A4, 99, 10911-10916.

Gough, P. B., & Tunmer, W. E. (1986). Decoding, reading, and reading
disability. Remedial and Special Education, 7, 6-10.

Graves, W. W., Desai, R., Humphries, C., Seidenberg, M. S., & Binder,
J. R. (2010). Neural systems for reading aloud: A multiparametric
approach. Cerebral Cortex, 20, 1799-1815.

Gullick, M. M., Demir-Lira, O. E., & Booth, J. R. (2016). Reading
skill-fractional anisotropy relationships in visuospatial tracts
diverge depending on socioeconomic status. Developmental Sci-
ence, 19, 673-685.

Guttorm, T. K., Leppénen, P. H., Himilainen, J. A., Eklund, K. M., &
Lyytinen, H. J. (2010). Newborn event-related potentials predict
poorer pre-reading skills in children at risk for dyslexia. Journal
of Learning Disabilities, 43, 391-401.

Hartwigsen, G., Baumgaertner, A., Price, C. J., Koehnke, M., Ulmer,
S., & Siebner, H. R. (2010). Phonological decisions require both
the left and right supramarginal gyri. Proceedings of the National
Academy of Sciences U S A, 107, 16494—16499.

Hashimoto, R., & Sakai, K. L. (2004). Learning letters in adulthood:
direct visualization of cortical plasticity for forming a new link
between orthography and phonology. Neuron, 42, 311-322.

He, Q., Xue, G., Chen, C., Chen, C.,, Lu, Z. L., & Dong, Q. (2013).
Decoding the neuroanatomical basis of reading ability: A multivoxel
morphometric study. Journal of Neuroscience, 33, 12835—12843.

Hickok, G., Houde, J., & Rong, F. (2011). Sensorimotor integration in
speech processing: Computational basis and neural organization.
Neuron, 69, 407-422.

Hoeft, F., Meyler, A., Hernandez, A., Juel, C., Taylor-Hill, H.,
Martindale, J. L., ... Gabrieli, J. D. (2007). Functional and
morphometric brain dissociation between dyslexia and reading
ability. Proceedings of the National Academy of Sciences U S A4,
104, 4234-4239.

Hosseini, S. M., Black, J. M., Soriano, T., Bugescu, N., Martinez, R.,
Raman, M. M., ... Hoeft, F. (2013). Topological properties of
large-scale structural brain networks in children with familial risk
for reading difficulties. Neuroimage, 71, 260-274.

Houston, S. M., Lebel, C., Katzir, T., Manis, F. R., Kan, E., Rodriguez,
G. G., & Sowell, E. R. (2014). Reading skill and structural brain
development. Neuroreport, 25, 347-352.

Indefrey, P. (2011). The spatial and temporal signatures of word pro-
duction components: A critical update. Frontiers in Psychology, 2,
255.

Indefrey, P., & Levelt, W. J. M. (2004). The spatial and temporal
signatures of word production components. Cognition, 92, 101-144.

Jednorog, K., Marchewka, A., Altarelli, I., Monzalvo Lopez, A. K., van
Ermingen-Marbach, M., Grande, M., ... Ramus, F. (2015). How
reliable are gray matter disruptions in specific reading disability
across multiple countries and languages? Insights from a
large-scale voxel-based morphometry study. Human Brain Map-
ping, 36, 1741-1754.

Kabani, N., Le Goualher, G., MacDonald, D., & Evans, A. C. (2001).
Measurement of cortical thickness using an automated 3-D algo-
rithm: A validation study. Neuroimage, 13, 375-380.

Kanai, R., & Rees, G. (2011). The structural basis of inter-individual
differences in human behaviour and cognition. Nature Reviews
Neuroscience, 12, 231-242.

Kim, J. S., Singh, V., Lee, J. K., Lerch, J., Ad-Dab’bagh, Y.,
MacDonald, D., ... Evans, A. C. (2005). Automated 3-D



354

International Journal of Behavioral Development 42(3)

extraction and evaluation of the inner and outer cortical surfaces
using a Laplacian map and partial volume effect classification.
Neuroimage, 27, 210-221.

Kuhl, P. K. (2004). Early language acquisition: Cracking the speech
code. Nature Reviews Neuroscience, 5, 831-843.

Kuhl, P. K. (2010). Brain mechanisms in early language acquisition.
Neuron, 67, 713-727.

Landerl, K., Ramus, F., Moll, K., Lyytinen, H., Leppanen, P. H. T.,
Lohvansuu, K., ... Schulte-Korne, G. (2013). Predictors of
developmental dyslexia in European orthographies with varying
complexity. Journal of Child Psychology and Psychiatry, 54,
686—694.

Langer, N., Benjamin, C., Minas, J., & Gaab, N. (2015). The neural
correlates of reading fluency deficits in children. Cerebral Cortex,
25, 1441-1453.

Lee,J. K., Lee, J. M., Kim, J. S., Kim, I. Y., Evans, A. C., & Kim, S. I.
(2006). A novel quantitative cross-validation of different cortical
surface reconstruction algorithms using MRI phantom. Neuro-
image, 31, 572-584.

Lehongre, K., Ramus, F., Villiermet, N., Schwartz, D., & Giraud, A. L.
(2011). Altered low-gamma sampling in auditory cortex accounts
for the three main facets of dyslexia. Neuron, 72, 1080—1090.

Lei, L., Pan, J., Liu, H., McBride-Chang, C., Li, H., Zhang, Y., ...
Zhang, Z. (2011). Developmental trajectories of reading develop-
ment and impairment from ages 3 to 8 years in Chinese children.
Journal of Child Psychology and Psychiatry, 52, 212-220.

Lerch, J. P., & Evans, A. C. (2005). Cortical thickness analysis examined
through power analysis and a population simulation. Neuroimage, 24,
163-173.

Linkersdorfer, J., Lonnemann, J., Lindberg, S., Hasselhorn, M., & Fie-
bach, C. J. (2012). Grey matter alterations co-localize with func-
tional abnormalities in developmental dyslexia: An ALE
meta-analysis. PLoS One, 7, €43122.

Liu, K., Shi, L., Chen, F. Y., Waye, M. M. Y., Lim, C. K. P., Cheng, P.
W., ... Wang, D. F. (2015). Altered topological organization of
brain structural network in Chinese children with developmental
dyslexia. Neuroscience Letters, 589, 169-175.

Lovden, M., Wenger, E., Martensson, J., Lindenberger, U., & Back-
man, L. (2013). Structural brain plasticity in adult learning and
development. Neuroscience & Biobehavioral Reviews, 37,
2296-2310.

Lu, L., Leonard, C., Thompson, P., Kan, E., Jolley, J., Welcome, S., ...
Sowell, E. (2007). Normal developmental changes in inferior frontal
gray matter are associated with improvement in phonological pro-
cessing: A longitudinal MRI analysis. Cerebral Cortex, 17,
1092-1099.

Lyon, G. R., Shaywitz, S. E., & Shaywitz, B. A. (2003). A definition of
dyslexia. Annals of Dyslexia, 53, 1-14.

Ma, Y., Koyama, M. S., Milham, M. P., Castellanos, F. X., Quinn, B. T.,
Pardoe, H., ... Blackmon, K. (2015). Cortical thickness abnormal-
ities associated with dyslexia, independent of remediation status.
Neurolmage: Clinical, 7, 177-186.

MacDonald, D., Kabani, N., Avis, D., & Evans, A. C. (2000). Auto-
mated 3-D extraction of inner and outer surfaces of cerebral cortex
from MRI. Neuroimage, 12, 340-356.

Martensson, J., Eriksson, J., Bodammer, N. C., Lindgren, M., Johans-
son, M., Nyberg, L., & Lovden, M. (2012). Growth of
language-related brain areas after foreign language learning. Neuro-
image, 63, 240-244.

McNorgan, C., Chabal, S., O’Young, D., Lukic, S., & Booth, J. R.
(2015). Task dependent lexicality effects support interactive models

of reading: A meta-analytic neuroimaging review. Neuropsycholo-
gia, 67, 148-158.

Melby-Lervag, M., Lyster, S. A. H., & Hulme, C. (2012). Phonological
skills and their role in learning to read: A meta-analytic review.
Psychological Bulletin, 138, 322-352.

Nation, K., Cocksey, J., Taylor, J. S. H., & Bishop, D. V. M. (2010). A
longitudinal investigation of early reading and language skills in
children with poor reading comprehension. Journal of Child
Psychology and Psychiatry, 51, 1031-1039.

Nittrouer, S., & Pennington, B. (2010). New approaches to the study of
childhood language disorders. Current Directions in Psychological
Science, 19, 308-313.

Norton, E. S., & Wolf, M. (2012). Rapid Automatized Naming (RAN)
and reading fluency: Implications for understanding and treatment
of reading disabilities. Annual Review of Psychology, 63, 427—452.

Oakhill, J. V., & Cain, K. (2012). The precursors of reading ability
in young readers: Evidence from a four-year longitudinal study.
Scientific Studies of Reading, 16, 91-121.

Paulesu, E., Demonet, J. F., Fazio, F., McCrory, E., Chanoine, V.,
Brunswick, N, ... Frith, U. (2001). Dyslexia: Cultural diversity
and biological unity. Science, 291, 2165-2167.

Perfetti, C. A., & Harris, L. N. (2013). Universal reading processes are
modulated by language and writing system. Language Learning and
Development, 9, 296-316.

Perfetti, C. A., & Hart, L. (2002). The lexical quality hypothesis. Pre-
cursors of Functional Literacy, 11, 67-86.

Powers, S. J., Wang, Y., Beach, S. D., Sideridis, G. D., & Gaab, N.
(2016). Examining the relationship between home literacy environ-
ment and neural correlates of phonological processing in beginning
readers with and without a familial risk for dyslexia: An fMRI
study. Annals of Dyslexia, 66, 1-24.

Price, C. J. (2012). A review and synthesis of the first 20 years of PET
and fMRI studies of heard speech, spoken language and reading.
Neuroimage, 62, 816-847.

Price, C. J., & Devlin, J. T. (2011). The interactive account of ventral
occipitotemporal contributions to reading. Trends in Cognitive
Sciences, 15, 246-253.

Qi, T, Gu, B., Ding, G. S., Gong, G. L., Lu, C. M, Peng,D. L., ... Liu,
L. (2016). More bilateral, more anterior: Alterations of brain orga-
nization in the large-scale structural network in Chinese dyslexia.
Neuroimage, 124, 63-74.

Ramus, F. (2004). Neurobiology of dyslexia: A reinterpretation of the
data. Trends in Neurosciences, 27, 720-726.

Ramus, F., & Ahissar, M. (2012). Developmental dyslexia: The diffi-
culties of interpreting poor performance, and the importance of
normal performance. Cognitive Neuropsychology, 29, 104-122.

Ramus, F., Marshall, C. R., Rosen, S., & van der Lely, H. K. (2013).
Phonological deficits in specific language impairment and develop-
mental dyslexia: Towards a multidimensional model. Brain, 136,
630-645.

Ramus, F., & Szenkovits, G. (2008). What phonological deficit? The
Quarterly Journal of Experimental Psychology, 61, 129-141.

Richardson, F. M., & Price, C. J. (2009). Structural MRI studies of
language function in the undamaged brain. Brain Structure & Func-
tion, 213, 511-523.

Richlan, F., Kronbichler, M., & Wimmer, H. (2013). Structural
abnormalities in the dyslexic brain: A meta-analysis of
voxel-based morphometry studies. Human Brain Mapping, 34,
3055-3065.

Rueckl, J. G., Paz-Alonso, P. M., Molfese, P. J., Kuo, W. J., Bick, A.,
Frost, S. J., ... Frost, R. (2015). Universal brain signature of



Xia et al.

355

proficient reading: Evidence from four contrasting languages. Pro-
ceedings of the National Academy of Sciences U S A, 112(50),
15510-15515.

Shu, H., Chen, X., Anderson, R. C., Wu, N., & Xuan, Y. (2003).
Properties of school Chinese: Implications for learning to read.
Child development, 74(1), 27-47.

Shu, H., McBride-Chang, C., Wu, S., & Liu, H. Y. (2006). Understand-
ing Chinese developmental dyslexia: Morphological awareness as a
core cognitive construct. Journal of Educational Psychology, 98(1),
122-133.

Simon, G., Lanoe, C., Poirel, N., Rossi, S., Lubin, A., Pineau, A., &
Houde, O. (2013). Dynamics of the Anatomical Changes That
Occur in the Brains of Schoolchildren as They Learn to Read. PLoS
One, 8(12).

Siok, W. T., Niu, Z., Jin, Z., Perfetti, C. A., & Tan, L. H. (2008). A
structural-functional basis for dyslexia in the cortex of Chinese
readers. Proceedings of the National Academy of Sciences U S A,
105, 5561-5566.

Siu, C. T. S., Ho, C. S. H., Chan, D. W. O., & Chung, K. K. H. (2016).
Development of word order and morphosyntactic skills in reading
comprehension among Chinese elementary school children. Learn-
ing and Individual Differences, 47, 61—69.

Sled, J. G., Zijdenbos, A. P., & Evans, A. C. (1998). A nonparametric
method for automatic correction of intensity nonuniformity in MRI
data. [EEE Transactions on Medical Imaging, 17, 87-97.

Sliwinska, M. W., Khadilkar, M., Campbell-Ratcliffe, J., Quevenco, F.,
& Devlin, J. T. (2012). Early and sustained supramarginal gyrus
contributions to phonological processing. Frontiers in Psychology,
3, 161.

Stoeckel, C., Gough, P. M., Watkins, K. E., & Devlin, J. T. (2009).
Supramarginal gyrus involvement in visual word recognition. Cor-
tex, 45, 1091-1096.

Szenkovits, G., & Ramus, F. (2005). Exploring dyslexics’ phonological
deficit I: Lexical vs sub-lexical and input vs output processes. Dys-
lexia, 11, 253-268.

Talcott, J. B., Witton, C., McLean, M. F., Hansen, P. C., Rees, A.,
Green, G. G., & Stein, J. F. (2000). Dynamic sensory sensitivity
and children’s word decoding skills. Proceedings of the National
Academy of Sciences U S A4, 97, 2952-2957.

Tallal, P. (2004). Improving language and literacy is a matter of time.
Nature Reviews Neuroscience, 5, 721-728.

Tallal, P. (2012). Improving neural response to sound improves read-
ing. Proceedings of the National Academy of Sciences U S A4, 109,
16406-16407.

Tan, L. H., Laird, A. R., Li, K., & Fox, P. T. (2005). Neuroanatomical
correlates of phonological processing of Chinese characters and
alphabetic words: A meta-analysis. Human Brain Mapping, 25,
83-91.

Tobia, V., & Bonifacci, P. (2015). The simple view of reading in a
transparent orthography: The stronger role of oral comprehension.
Reading and Writing, 28, 939-957.

Tong, X. L., Tong, X. H., & McBride-Chang, C. (2015). Tune in to the
tone: Lexical tone identification is associated with vocabulary and
word recognition abilities in young Chinese children. Language and
Speech, 58, 441-458.

Vaessen, A., Bertrand, D., Toth, D., Csépe, V., Faisca, L., Reis, A., &
Blomert, L. (2010). Cognitive development of fluent word reading
does not qualitatively differ between transparent and opaque ortho-
graphies. Journal of Educational Psychology, 102, 827.

Vandermosten, M., Boets, B., Poelmans, H., Sunaert, S., Wouters, J., &
Ghesquiere, P. (2012). A tractography study in dyslexia:

Neuroanatomic correlates of orthographic, phonological and speech
processing. Brain, 135, 935-948.

Vellutino, F. R., Fletcher, J. M., Snowling, M. J., & Scanlon, D. M.
(2004). Specific reading disability (dyslexia): What have we learned
in the past four decades? Journal of Child Psychology and Psychia-
try, 45, 2-40.

Wagner, R. K., & Torgensen, J. K. (1987). The nature of phonological
processing and its role in the acqusition of reading skills. Psycho-
logical Bulletin, 101, 192-212.

Wang, H. L. S., Huss, M., Hamalainen, J. A., & Goswami, U. (2012).
Basic auditory processing and developmental dyslexia in Chinese.
Reading and Writing, 25, 509-536.

Wechsler, D. (1974). Wechsler Intelligence Scale for Children
—Revised. New York: Psychological Corporation.

Wei, T., Liang, X., He, Y., Zang, Y., Han, Z., Caramazza, A., & Bi, Y.
(2012). Predicting conceptual processing capacity from sponta-
neous neuronal activity of the left middle temporal gyrus. Journal
of Neuroscience, 32, 481-489.

Welcome, S. E., Chiarello, C., Halderman, L. K., & Leonard, C. M.
(2009). Lexical processing skill in college-age resilient readers.
Reading and Writing, 22, 353-371.

Welcome, S. E., Chiarello, C., Thompson, P. M., & Sowell, E. R. (2011).
Reading skill is related to individual differences in brain structure in
college students. Human Brain Mapping, 32, 1194-1205.

Welcome, S. E., Leonard, C. M., & Chiarello, C. (2010). Alternate
reading strategies and variable asymmetry of the planum temporale
in adult resilient readers. Brain and Language, 113, 73-83.

Williams, V. J., Juranek, J., Cirino, P., & Fletcher, J. M. (2017). Cor-
tical thickness and local gyrification in children with developmental
dyslexia. Cerebral Cortex. Epub ahead of print 19 January 2017.
DOI: 10.1093/cercor/bhx001.

Witton, C., Talcott, J. B., Hansen, P. C., Richardson, A. J., Griffiths,
T. D, Rees, A., ... Green, G. G. (1998). Sensitivity to dynamic
auditory and visual stimuli predicts nonword reading ability in
both dyslexic and normal readers. Current Biology, 8, 791-797.

Woodhead, Z. V., Barnes, G. R., Penny, W., Moran, R., Teki, S., Price,
C.J., & Left, A. P. (2014). Reading front to back: MEG evidence for
early feedback effects during word recognition. Cerebral Cortex,
24, 817-825.

Woodhead, Z. V. J., Brownsett, S. L. E., Dhanjal, N. S., Beckmann, C.,
& Wise, R. J. S. (2011). The visual word form system in context.
Journal of Neuroscience, 31, 193—199.

Wu, C. Y., Ho, M. H., & Chen, S. H. (2012). A meta-analysis of fMRI
studies on Chinese orthographic, phonological, and semantic pro-
cessing. Neuroimage, 63, 381-391.

Xi, J., Zhang, L., Shu, H., Zhang, Y., & Li, P. (2010). Categorical
perception of lexical tones in Chinese revealed by mismatch nega-
tivity. Neuroscience, 170, 223-231.

Xia, Z., Hoeft, F., Zhang, L., & Shu, H. (2016). Neuroanatomical
anomalies of dyslexia: Disambiguating the effects of disorder, per-
formance, and maturation. Neuropsychologia, 81, 68-78.

Xue, G., Chen, C., Jin, Z., & Dong, Q. (2006). Language experience
shapes fusiform activation when processing a logographic
artificial language: An fMRI training study. Neuroimage, 31,
1315-1326.

Yan, M., Pan, J. G., Laubrock, J., Kliegl, R., & Shu, H. (2013). Paraf-
oveal processing efficiency in rapid automatized naming: A com-
parison between Chinese normal and dyslexic children. Journal of
Experimental Child Psychology, 115, 579-589.

Yeatman, J. D., Dougherty, R. F., Ben-Shachar, M., & Wandell, B. A.
(2012). Development of white matter and reading skills.



356

International Journal of Behavioral Development 42(3)

Proceedings of the National Academy of Sciences U S A, 109,
E3045-E3053.

Zatorre, R. J., Fields, R. D., & Johansen-Berg, H. (2012). Plasticity in
gray and white: Neuroimaging changes in brain structure during
learning. Nature Neuroscience, 15, 528-536.

Zhang, M. X, Li, J., Chen, C. S., Mei, L. L., Xue, G., Lu, Z. L., ...
Dong, Q. (2013). The contribution of the left mid-fusiform cortical
thickness to Chinese and English reading in a large Chinese sample.
Neuroimage, 65, 250-256.

Zhang, Y., Zhang, L., Shu, H., Xi, J.,, Wu, H., Zhang, Y., & Li, P.
(2012). Universality of categorical perception deficit in develop-
mental dyslexia: An investigation of Mandarin Chinese tones. Jour-
nal of Child Psychology and Psychiatry, 53, 874—882.

Zhou, W., Xia, Z., Bi, Y., & Shu, H. (2015). Altered connectivity of the
dorsal and ventral visual regions in dyslexic children: A
resting-state fMRI study. Frontiers in Human Neuroscience, 9, 495.

Ziegler, J. C., & Goswami, U. (2005). Reading acquisition, develop-
mental dyslexia, and skilled reading across languages: A psycho-
linguistic grain size theory. Psychological Bulletin, 131, 3-29.

Zijdenbos, A. P., Forghani, R., & Evans, A. C. (2002). Automatic
‘pipeline’ analysis of 3-D MRI data for clinical trials: Application
to multiple sclerosis. IEEE Transactions on Medical Imaging, 21,
1280-1291.

Zou, L., Desroches, A. S., Liu, Y., Xia, Z., & Shu, H. (2012). Ortho-
graphic facilitation in Chinese spoken word recognition: An ERP
study. Brain and Language, 123, 164—173.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


