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The role of visual skills in reading acquisition has long been debated and whether there
is shared neurobiological basis between visual skills and reading is not clear. This study
investigated the relationship between Visual Matching and reading and their shared
neuroanatomical basis. Two hundred and ninety-three typically developing Mandarin-
speaking children were followed in a longitudinal study from ages 4 to 11 years old.
A subsample of 79 children was further followed up at 14 years old when the MRI
data were collected. Results showed that the development of Visual Matching from
ages 6 to 8 predicted reading accuracy at age 11. In addition, both the development
of Visual Matching and reading accuracy were associated with cortical surface area of
a cluster located in fusiform gyrus. These findings suggested that the mapping from
visual codes to phonological codes is important in learning to read and that left fusiform
gyrus provided neural basis for such mapping. Implications of these findings in light of a
new approach toward the neurocognitive mechanisms underlying reading development
are discussed.

Keywords: left fusiform gyrus, longitudinal, Chinese, print-to-sound mapping, Visual Matching, reading

INTRODUCTION

Reading is a complex skill that involves processing written words and the conversion from visual
forms to speech. Previous studies have shown that dyslexic readers have more problems with
processing alphanumeric stimuli (e.g., letters, digits), than non-alphanumeric stimuli (e.g., symbols,
colors, objects, dice surfaces); the former stimuli are verbally codable whereas the latter do not
(directly) map onto phonological codes (Ziegler et al., 2010; Pan et al., 2013). However, it is
so far unclear with regard to the role of such mapping between visual forms and phonological
codes of alphanumeric stimuli in reading among typically developing children. Furthermore, it
is unclear whether this mapping also plays an important role in non-alphabetic scripts such as
Chinese, and what the neurobiological basis is. The present study sets out to investigate these
issues by comparing the contributions of two visual tasks that differ in terms of phonological
activation of the stimuli, i.e., Cross Out (Woodcock and Johnson, 1989), a task that involves no
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phonological activation for which participants have to visually
process non-alphanumeric stimuli and no phonological coding is
involved, and Visual Matching (Woodcock and Johnson, 1989),
a task that involves visual processing of alphanumeric stimuli
that can be mapped to sound. A systematic comparison of these
tasks measured annually from ages 6 to 8 and their underlying
neurocognitive mechanisms measured at age 14 enables us
to address critical issues of reading development in Chinese-
speaking children.

During reading, readers have to visually process words and
map them to their phonological representations. In the early stage
of reading acquisition, children’s brains show some tendency to
process words as if they are pictures (the “logographic stage”; Ehri
and McCormick, 1998). Visual skills as early as in kindergarten 1
(K1-ages 3 to 4 in some places in Asia) are able to predict word
reading in K2 (roughly ages 4 to 5) (Lin et al., 2016). However, as
children grow older and rely more on decoding in reading, visual
skills do not seem to be as important as in the early stage (Yang
et al., 2013; Pan et al., 2020).

The importance of visual skills in reading may be related
to orthography-phonology correspondence as activation of
orthographic representations of the words apparently requires
some visual processing. Building print-to-sound associations is
one of the most important prerequisites in reading acquisition
(Rosenthal and Ehri, 2008). In a variety of reading-related tasks,
processing of graphemic stimuli are most closely associated with
literacy skills. For example, among typically developing children,
rapid naming tasks using letters and digits as stimuli predict
reading ability better than rapid naming tasks using colors
and objects (e.g., McBride-Chang, 1996; Schatschneider et al.,
2004; Bowey et al., 2005). This is also supported by evidence
from studies on dyslexic readers that they differ more from
typically developing children on tasks involving alphanumeric
stimuli (e.g., letters and digits) than non-alphanumeric stimuli
(e.g., colors, objects, and symbols), irrespective of whether the
tasks require explicitly phonological activation of the visual
stimuli (Ziegler et al., 2010; Pan et al., 2013; Bakos et al., 2017).
Moreover, children with better integration of print-to-sound
mapping have a better reading performance than their peers
(McBride-Chang, 1996; Cardoso-Martins and Pennington, 2004;
Schatschneider et al., 2004; Pan et al., 2013). Together, these
findings suggest that visual processing itself does not predict
reading independently.

To better understand reading development, researchers have
been investigating the neurobiological basis of the print-to-sound
mapping process. The left fusiform gyrus, including the visual
word form area (VWFA) and surrounding cortex, has long
been implicated in the processing of visual words (Glezer et al.,
2009; Dehaene and Cohen, 2011; Hirshorn et al., 2016). This
so-called “visual word form system” (VWFS) involves VWFA
and is inherently coupled with the higher-order language system
at both functional and structural levels (Stevens et al., 2017;
Chen et al., 2019). Meanwhile, previous studies have shown that
activation in this area is correlated with phonological awareness,
suggesting that when processing print, this area is automatically
involved – even if no explicit phonological processing is
required – in the phonological coding system (Frost et al., 2009;

Price and Devlin, 2011; Pugh et al., 2013). Individuals with
impaired print-to-sound mapping ability (e.g., developmental
dyslexia) often show reduced functional connectivity between
the VWFA and other language related regions in the left frontal
and parietal lobes (van der Mark et al., 2011). Moreover, the
emergence of VWFS relies on its connectivity to the language
system, which is formed before reading instruction (Saygin et al.,
2016) and it develops rapidly through intensive learning of print
and corresponding sounds (Brem et al., 2010; Dehaene-Lambertz
et al., 2018). In sum, evidence from functional neuroimaging
studies suggests that the VWFS serves as an interface between the
visual and phonological systems, which underpins the conversion
of print to correspondent sounds.

However, compared to the large number of functional
neuroimaging studies on the VWFS (e.g., Brem et al., 2010;
Bach et al., 2013; Dehaene-Lambertz et al., 2018), fewer studies
have examined its structure. Furthermore, most previous studies
have relied on a comparison between children who were either
dyslexic or who had a family risk of dyslexia as compared to
typically developing children (Raschle et al., 2011; Skeide et al.,
2016; Beelen et al., 2019; Kuhl et al., 2020). While these group
comparisons provide evidence for the neural basis underlying
reading difficulties, little is known about whether the properties
of neuroanatomy are also associated with individual differences
in reading and print-to-sound mapping abilities, especially in
the very early stages when children are just starting to learn
printed words systematically (e.g., early primary school) and in
a non-alphabetic script.

Additionally, previous research investigating the role of the
left fusiform gyrus in reading development focused mainly on
gray matter volume which is the product of cortical thickness
and surface area. However, cortical thickness and surface area
are different measures of brain morphometry and offer separate
indices for neurodevelopment and diseases (Panizzon et al.,
2009; Winkler et al., 2018), and correlate with different cognitive
abilities (Noble et al., 2015; Vuoksimaa et al., 2015). On the
one hand, the surface area is thought to be more related to
prenatal factors and to have a cascading effect on cognitive
abilities (Raznahan et al., 2012; Walhovd et al., 2012). Cortical
thickness, on the other hand, is probably more sensitive to the
environment and to the developmental changes of cognitive
ability over time (Sowell et al., 2004; Jha et al., 2019). Evidence
for a significant association between reading ability and surface-
based measures of the fusiform gyrus mainly comes from dyslexia
research (Frye et al., 2010; Altarelli et al., 2013; Hosseini et al.,
2013; Qi et al., 2016; Williams et al., 2018). Studies have
also shown that surface area may be relatively steady after
birth and show long-lasting impact on reading and/or reading-
related cognitive abilities (Raznahan et al., 2011; Striedter et al.,
2015; Williams et al., 2018). Nevertheless, whether there is
such an enduring relationship between brain morphometry and
individual differences in reading-related abilities among typically
developing children remains unclear.

A number of tasks have been used by researchers to examine
children’s visual abilities. Visual Matching and Cross Out
are two tasks that involve speeded visual processing. While
Cross Out requires children to process non-codable symbols,
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Arabic digits have been used as stimuli in Visual Matching.
Although Visual Matching does not explicitly require children
to activate phonological representations of the digits, they might
nevertheless be activated automatically, thus may reflect the
process of visual-verbal conversion in reading. Recently, Pan
et al. (2020) tested the relation between word reading and Cross
Out/Visual Matching among Chinese children from 6 to 8 years
old. They showed that while Visual Matching at age 6 was able
to predict word reading at age 7, Cross Out did not contribute to
word reading. Such findings support the importance of print-to-
sound mapping in the course of reading development. However,
that study tested the cross-lag relationships of reading with the
Cross Out and Visual Matching tasks. In the present study,
we sought to determine whether Visual Matching would also
emerge as important for reading acquisition beyond the initial
stages of reading. After all, Chinese is an opaque orthography,
meaning that the print-to-sound mappings are largely arbitrary.
As children enter primary school, the acquisition of print-to-
sound mappings grows rapidly as more characters are learned.
If this Visual Matching ability is useful for reading in Chinese
over time, this may suggest a unique approach to identifying and
remediating difficulties in reading.

In the present longitudinal study, using the Cross Out
task as a comparison to Visual Matching, we tested the role
of print-to-sound mapping as reflected in Visual Matching
(but not Cross Out) in reading development and its shared
neurobiological basis with reading. Visual Matching and Cross
Out were tested annually when children were 6 to 8 years old.
As for the dependent variable, we focused on word reading
ability which served as a basis for the neurobiological model of
reading and has been widely used in neuroimaging studies to
explore the development and impairments of neural circuitry
of reading (Pugh et al., 2001; Taylor et al., 2013; Dehaene-
Lambertz et al., 2018). The study reported here was part of a
large-scale longitudinal study initiated some 20 years ago. At
that time research-dedicated MRI scanners were rare in China
for collecting neuroimaging data. The current study was only
able to collect brain morphometry measures of the children at
a later time and we therefore tested the association of early
predictors of reading with the later acquired brain data (when the
children became adolescents). This is a rather different approach
from previous studies that have used concurrent or earlier brain
measures to predict reading performance (e.g., Hoeft et al., 2011;
Bach et al., 2013; Kuhl et al., 2020).

Specifically, based on the extant literature, we asked in the
present study (a) whether the initial ability to convert visual
forms to phonological codes reflected by Visual Matching or its
growth rate would emerge important for reading performance
in a later stage; and (b) whether the visual-verbal conversion
and reading share neurobiological basis, especially in the left
fusiform gyrus, as it has been shown to be related to higher-
order linguistic processing. Given that the rapid development
of the VWFS only emerges after formal instruction in reading
(Brem et al., 2010; Dehaene-Lambertz et al., 2018), we predicted
that the growth rate of Visual Matching would play a more
important role in reading development than its initial status as
participants’ Visual Matching was first measured at age 6 before

they received formal education. In addition, as print-speech
mapping becomes extremely important after formal reading
instruction, we predicted that the cortical morphometry of the
left fusiform would be associated with individual differences in
growth rate of Visual Matching.

MATERIALS AND METHODS

Participants
Two hundred ninety-three children were selected from a
longitudinal cohort that had initially participated in the study
of the development of Chinese Communicative Development
Inventory (Tardif et al., 2008). These children were originally
recruited from maternal-child health care service centers in
Beijing. All participating children had a normal IQ. According
to their health care records, they had no diagnosed difficulties
in any aspects including mental, sensory, and physical domains.
They were followed and tested roughly every 12 months until
age 11. Children started primary school after the assessment
at age 6 (M = 6.42 years old, SD = 0.30). A subsample of 79
children participated in the assessment consisting of behavioral
and magnetic resonance imaging (MRI) sessions at age 14. The
current study focused on the Cross Out and Visual Matching
tasks at ages 6, 7, and 8, and character recognition task at
age 11. Non-verbal IQ, vocabulary knowledge, phonological and
morphological awareness measured at age 4 were included as
control variables, since the task performance of phonological
and morphological awareness showed ceiling effects at age 6.
T1-weighted MRI and reading fluency data from the subsample
of 79 children were obtained at age 14. This study was
approved by an Institutional Review Board of the State Key
Laboratory of Cognitive Neuroscience and Learning at Beijing
Normal University. Written informed consent was obtained from
parents/guardians of the participants for both behavioral tests
and MRI session.

Behavioral Measures
Non-verbal IQ
Children were administered sets A and B of the Raven’s Standard
Progressive Matrices (Raven et al., 1996) at age 4. They were asked
to select one best choice from six options that best fit into the
missing part of the original figure. There were 24 trials in total,
and one point was awarded for each correct trial.

Cross Out
Children were administered this task at ages 6 to 8. The task
was from the Woodcock-Johnson Tests of Cognitive Ability
(Woodcock and Johnson, 1989). In each trial, there was a row
of 20 items. Children had to cross out five of those that were the
same as the target item appearing in the beginning of the row.
There were 30 trials in total. The stimuli adopted in this task are
symbols that are not easily verbally codable (e.g., a square with
a horizontal line in it). Children were given 3 min and asked to
complete the task as quickly as possible. One point was allocated
to each correctly answered trial. We calculated the summed raw
(rather than normed) score in 3 min.
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Visual Matching
This task was from the Woodcock-Johnson Tests of Cognitive
Ability (Woodcock and Johnson, 1989). Children were tested
from ages 6 to 8. In this task, there were five numbers in
each trial arranged in a row. Among these five items, two
were identical. Children were asked to circle these two numbers
in each trial. They were given 3 min and were required to
complete as many trials as possible. There were 60 trials in
this task. The stimuli were arranged in an order of increasing
difficulty from single-digit numbers to three-digit numbers. Each
correctly answered trial was given one point and we used the
total number of correct answers (raw, rather than normed) as the
score of the task.

Phonological Awareness
Children’s phonological awareness was tested using a task of
syllable deletion (e.g., Pan et al., 2017) at age 4. In this task, a
phrase with two or three syllables was presented to the children
orally in a trial. Children were asked to delete one specific
syllable from the phrase (e.g., deleting /huo3/ meaning fire from
/huo3 che1 zhan4/ meaning train station would be /che1 zhan4/
meaning station). There were 18 items. One point was given for
each correct answer.

Morphological Awareness
The morphological construction task (Pan et al., 2016) was used
to indicate morphological awareness. It was administered at age
4. In this task, children were asked to create new words by
combining morphemes they had learned. For example, a flower
that is red is called a red flower; thus, a flower that is blue should
be called a blue flower. There were 15 trials, and one point was
given for each correctly answered trial.

Vocabulary Knowledge
Children’s oral vocabulary knowledge was tested at age
4 using a vocabulary definitions task (Song et al., 2015)
which was adapted from the vocabulary subset of the
Stanford-Binet Intelligence Scale (Thorndike et al., 1986)
for Mandarin-speaking children. Children were required
to explain the words orally presented to them by a trained
experimenter and their responses were rated. For instance,
the experimenter asked “What is a kitchen?” The answer
of “A room for cooking” would be awarded 2 points,
whereas 1 point would be allocated to an answer such as
“A place at home.” There were 32 words in the test and the
maximum score was 64.

Character Recognition
This task, administered at age 11, was used to measure
children’s reading accuracy (Pan et al., 2017). There were 150
Chinese characters in the task and children were asked to
name each individual character. All characters are typically
taught in primary school in Mainland China (Shu et al.,
2003). The characters were arranged according to their
difficulty, from easy to difficult level. The test terminated
when the child failed to name 15 characters consecutively.
One point was given to each correctly named character. This
task was not timed.

Reading Fluency
This task was administered at age 14 to the MRI subsample
to measure silent reading fluency (Pan et al., 2017). The
teens were asked to silently read sentences and judge whether
each sentence was correct (e.g., The sun rises from the
west) by marking “X” or “×” at the end of each sentence.
There were in total 100 sentences with increasing length,
and the teens were given 3 min to read and rate as many
as possible. The total number of characters for all items
that were correctly judged was used as a score of silent
reading fluency.

Data Analyses
Analyses of Behavioral Measures
Latent growth modeling was applied using Mplus version
7.11 (Muthén and Muthén, 2012) to estimate the initial
status (intercepts) and growth rates (slopes) of children’s
performance in the Cross Out and Visual Matching tasks.
The weights of intercepts were fixed at 1 for all three
time-points, and the coefficients of slope were assigned to
0, 1, and 2 at the first, second, and third assessments
separately. Maximum likelihood estimation was used to deal
with missing values. Multiple regression analysis was then
adopted to test the contributions of the intercepts and slopes
of Cross Out and Visual Matching to character reading at
age 11 in the whole sample, with age, sex, non-verbal IQ,
phonological awareness, morphological awareness and oral
vocabulary knowledge as control variables using the R (version
3.6.2 64 bit; Ihaka and Gentleman, 1996). Given that only 79
out of the 293 children in our longitudinal sample participated
in the MRI session, we also replicated all regression analyses
in this subgroup.

MRI Data Acquisition
High-resolution T1-weighted images were collected for each
child at age 14 on a 3-Tesla MAGNETOM Trio Tim scanner
(Siemens AG, Germany) at Beijing Normal University with
a 12-channel head coil using the following parameters: 144
sagittal slices; repetition time, 2530 ms; echo time, 3.39 ms;
inversion time, 1100 ms; flip angle, 7 degrees; field of view,
256 × 192; voxel size, 1.3 × 1.0 × 1.3 mm3. Prior to the formal
experiment, children lay supine in a mock scanner to acclimate
to the testing environment and noise. During scanning, children
were provided with padding to hold their head in place to
reduce head motion.

MRI Data Preprocessing
FreeSurfer version 5.3.01 was used to extract cortical matrices
from the T1-weighted images. First, raw T1-weighted images
were visually inspected by experts who were blinded to
the information of the participants. Two children were
excluded due to head motion artifacts. Then, an automatic
pipeline consisting of motion correction, removal of non-
brain tissue, intensity normalization, automated Talairach
transformation, volumetric structure segmentation, cortical

1http://surfer.nmr.mgh.harvard.edu
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surface reconstruction and parcellation was performed (Dale
et al., 1999; Fischl et al., 1999). FreeSurfer reconstructed the
cortical surface that was represented by a mesh of triangles
(vertices) for each subject. Cortical thickness and cortical surface
area were calculated at each vertex. Cortical thickness was
defined as the distance between the white and pial surfaces.
Cortical surface area was defined as the average area of all
the triangles that meet at a given vertex on the white matter
surface. The resulting images were resampled to a standard
brain, and surface maps were smoothed with a full-width half-
maximum of 10 mm.

MRI Data Analyses
General linear modeling was used to estimate the
relationship between vertex-wise cortical morphometric
measures (cortical thickness and surface area) with the
developmental parameters of Cross Out, Visual Matching,
and character recognition. Age and sex were included as
nuisance covariates. The resulting statistical maps were
corrected for multiple comparison errors with Monte Carlo
simulations implemented in FreeSurfer (10,000 iterations;
uncorrected p-vertex < 0.01, corrected p-cluster < 0.05;
Hagler et al., 2006). Significant clusters were reported in
Talairach coordinates.

Conjunction analysis was carried out to identify shared
neurobiological substrates of character recognition at age 11 and
developmental measures of visual skills. To be specific, we created
a conjunction map by combining the brain maps corrected
for multiple comparison errors in the whole brain analysis.
Overlapping areas were defined as the region of interest (ROI)
for the subsequent analysis. Because we used cognitive measures
collected earlier than MRI data in the whole-brain analysis, here
we further tested whether the brain matrices in the overlapping
areas were also associated with the concurrent reading abilities
at age 14. Considering ceiling effect of the character recognition
task in middle school students and the goal of reading acquisition
is comprehension, we employed reading fluency task as our
literacy measure of interest at age 14. This measure captures
word reading accuracy and fluency, as well as comprehension,
which is a more comprehensive measure of reading ability
at a later stage. Since word reading acts as a subcomponent
of reading fluency that also encompasses speed of processing
and appropriate expression skills (Klauda and Guthrie, 2008),
neural substrates associated with wording reading skill should
also correlate with reading fluency performance. Thus, the
brain matrices of the overlapping areas in the conjunction
analysis were extracted and correlated with the reading fluency
measure at age 14.

RESULTS

Table 1 shows the means, standard deviations, and
correlations of all behavioral variables in the entire
sample. We then tested the contribution of intercepts
and slopes of Visual Matching and Cross Out to
reading ability.

Contributions of Visual Matching and
Cross Out to Reading
Table 2 shows that, after controlling for effects of age, sex, non-
verbal IQ, phonological awareness, morphological awareness
and oral vocabulary knowledge, only the Visual Matching slope
significantly predicted character recognition at age 11, suggesting
that children with a faster growth rate in the Visual Matching
task had better reading performance as compared to those with
a slower growth rate. We further replicated the entire analysis
in the subsample of the 79 children who participated in the
MRI session and observed the same pattern of significance
(Supplementary Table S1), suggesting that the subsample results
were representative of that in the whole sample. We performed
the post hoc power analysis for all linear regression models
with the WebPower package in R (Zhang and Yuan, 2018) and
resultant post hoc powers were larger than 0.80 (Cohen, 1988).

MRI-Related Findings
We then conducted vertex-wise whole-brain regression analyses
on cortical thickness and cortical surface area, separately. As
predicted, we observed a positive correlation between the Visual
Matching slope and the cortical surface area in widespread
brain areas including the left fusiform gyrus after the correction
for multiple comparisons (Figure 1A and Table 3). Children
who developed faster in Visual Matching had a larger cortical
surface area in those regions. For character recognition at age
11, two clusters in the left fusiform gyrus and insula (including
the pars opercularis) survived under the whole brain multiple
comparisons correction (Figure 1B and Table 3). In terms
of cortical thickness, no significant clusters were found to be
associated with the intercept and slope of Visual Matching, Cross
Out, or character recognition at age 11. In the conjunction
analysis, spatial overlap of clusters related to the Visual Matching
slope and character recognition was identified at the left fusiform
gyrus only (Figure 2A; Area: 281 mm2; Center of gravity:
−34, −70, −14; Talairach coordinates). Moreover, to evaluate
the concurrent brain-reading relationship, Pearson’s correlation
between cortical surface area of the overlapping area in the left
fusiform with concurrent reading fluency was calculated and a
significant, positive correlation was observed (Figure 2B, r = 0.27,
t73 = 2.37, p = 0.021).

DISCUSSION

In the present study, we first investigated the independent
contributions of two tasks, Cross Out and Visual Matching,
to reading performance. Cross Out is a task that involves
speeded visual processing and Visual Matching is a task that
involves speeded visual processing and implicit phonological
processing. Moreover, we further examined the shared cortical
morphometry, supporting both the growth of Visual Matching
and reading. Results showed that the growth rate of Visual
Matching uniquely predicted reading ability. Importantly, an
overlapping region in the left fusiform gyrus was related to both
the growth rate of Visual Matching and reading.
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TABLE 1 | Descriptive statistics and correlations among behavioral measures.

Measures N Mean SD Range 1 2 3 4 5 6 7 8 9 10 11 12 13

1. N-IQ 293 10.42 2.52 5–21 –

2. CA 293 53.53 3.64 46.36–62.86 0.38*** –

3. CO-6 292 10.53 3.06 1–22 0.28* 0.31** –

4. CO-7 291 15.14 2.85 7–24 0.38*** 0.23* 0.34** –

5. CO-8 293 17.97 3.47 9–29 0.44*** 0.33** 0.41*** 0.69*** –

6. VM-6 293 21.96 5.59 0–41 0.32** 0.33** 0.52*** 0.52*** 0.50*** –

7. VM-7 293 29.67 5.22 13–46 0.24* 0.18 0.21 0.63*** 0.60*** 0.60*** –

8. VM-8 293 35.18 5.66 17–51 0.30** 0.20 0.24* 0.59*** 0.69*** 0.53*** 0.75*** –

9. PA-4 293 8.40 4.89 0–15 0.31** 0.19 0.29* 0.19 0.38*** 0.33** 0.22 0.36** –

10. MA-4 293 10.23 3.25 0–15 0.34** 0.18 0.33** 0.33** 0.43*** 0.48*** 0.41*** 0.41*** 0.67*** –

11. VK-4 293 6.23 3.72 0–20 0.27* 0.21 0.11 0.31** 0.37** 0.23* 0.12 0.14 0.36** 0.42*** –

12. CR-11 291 123.36 12.30 68–144 0.12 0.11 0.13 0.36** 0.37*** 0.44*** 0.45*** 0.47*** 0.43*** 0.44*** 0.29* –

13. RF-14 77 479.42 132.83 114.67–984 0.10 0 0.15 0.43*** 0.42*** 0.31** 0.41*** 0.45*** 0.30** 0.34** 0.41*** 0.52*** –

N-IQ, Non-verbal IQ; CA, chronological age (in month); CO, Cross Out; VM, Visual Matching; PA, phonological awareness; MA, morphological awareness; VK, vocabulary
knowledge; CR, character recognition; RF, reading fluency. The number appended to the measures indicate the age of the test performed. *p < 0.05; **p < 0.01;
***p < 0.001.

Role of Visual Matching
Learning to read involves mapping print to sound. As children
start formal education, this mapping becomes increasingly
important. The Chinese writing system is well-known for its
opaque print-to-sound mappings. Children acquire a large
number of such arbitrary mappings between characters and
their pronunciations when they enter primary school. Thus, the
automaticity of activating phonological representations of the
characters is important in learning to read. Previous studies
have shown that dyslexic readers are particularly characterized
as having deficits involving alphanumeric stimuli rather than
symbols that are not easily verbally codable (Ziegler et al., 2010;
Pan et al., 2013; Bakos et al., 2017). As for typically developing
children, Pan et al. (2020) found that Visual Matching at age 6
predicted reading accuracy at age 7 while Cross Out did not.
Our current findings that Visual Matching but not Cross Out

TABLE 2 | Multiple regression analysis for the entire sample.

CR-11

Predictors β t280 p

Gender 0.14 1.46 0.145

N-IQ −0.10 −1.80 0.074

CA −0.03 −0.57 0.572

PA-4 0.21 3.43 0.001

MA-4 0.19 2.99 0.003

VK-4 0.10 1.84 0.066

CO-INT 0.11 1.40 0.163

CO-SLP −0.03 −0.44 0.657

VM-INT 0 0.07 0.943

VM-SLP 0.30 3.99 < 0.001

CR, character recognition; CA, chronological age; PA, phonological awareness;
MA, morphological awareness; VK, vocabulary knowledge; CO, Cross Out; VM,
Visual Matching; INT, intercept; SLP, slope; The number appended to the measures
indicate the age of the test.

predicted reading performance are in agreement with previous
findings, suggesting that the ability to map visual information to
phonological codes is important in learning to read universally
(Ziegler and Goswami, 2005; Rueckl et al., 2015).

While the contrast of Visual Matching and Cross Out
underscores the importance of print-to-sound mappings, it
should be noted that only the growth rate but not the
initial status of Visual Matching predicted reading. The Visual
Matching task was administered at ages 6, 7 and 8. The first
measurement at age 6 occurred just before children entered
primary school, while children were mostly in first and second
grades when they were tested at ages 7 and 8. Studies using
event-related potential (ERP) have demonstrated that the N1
(or N170) component is larger for words than for symbols
when children start learning to read (Maurer et al., 2005). Our
findings are in line with these ERP studies, suggesting that
the development of efficient, even automatic linking of visual
codes to phonological codes is important in the early stage of
formal education. This development forms the foundation for
subsequent reading development.

Role of the Left Fusiform Gyrus
The neuroimaging results further confirmed our behavioral
findings, that is, left fusiform appears to support both
development of print-to-sound mapping skill and character
reading. We found that surface area, but not cortical thickness
in the left fusiform gyrus, was associated with the growth rate
of Visual Matching and subsequent character reading. Moreover,
the growth rate of Visual Matching and word reading ability
were both linked to the left fusiform gyrus, which was further
correlated with more advanced reading abilities. Previous studies
have shown that the left fusiform gyrus is closely associated with
recognition of word-like stimuli (Dehaene et al., 2010) and it also
incorporates both orthographic and phonological information of
Chinese characters (Zhao et al., 2016). In particular, increasing
activation in the left fusiform gyrus appears to occur in parallel
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FIGURE 1 | Significant clusters in the vertex-wise whole-brain analyses (Monte Carlo procedure for correction of multiple comparisons, 10000 iterations,
vertex-p < 0.01, cluster-p < 0.05; red = positive correlation, blue = negative correlation). (A) Surface areas in eight clusters were positively correlated with the growth
rate of Visual Matching (VM-SLP), while age and sex were statistically controlled. (B) Surface areas in two clusters were positively correlated with children’s character
reading at Grade 5 (CR-11), while age and sex were statistically controlled.

TABLE 3 | Results of a whole brain vertex-wise analysis after correction for multiple comparisons using a cluster-based Monte Carlo procedure (10000 iterations;
vertex-p < 0.01, cluster-p < 0.05) from the subsample of 79 participants.

Behavior Regions Cluster Talairach Coordinates

Size p-value x y z

Surface area

VM-SLP LH-inferior parietal 2350.14 < 0.001 −40 −76 25

LH-fusiform 1254.34 < 0.001 −29 −74 −5

LH-superior frontal 1053.00 0.001 −9 52 8

LH-pericalcarine 996.08 0.002 −9 −75 7

LH-orbitofrontal 984.81 0.002 −26 16 −20

LH-superior temporal 578.00 0.044 −42 −2 −19

RH-inferior parietal 3387.80 < 0.001 37 −76 16

RH-parsorbitalis 733.64 0.013 47 35 −11

CR-11 LH-fusiform 598.40 0.036 −39 −60 −3

LH-insula 580.62 0.042 −32 6 9

Cortical thickness: No significant results

VM-SLP, Slope of Visual Matching; CR-11, character recognition at age 11; LH, left hemisphere; RH, right hemisphere. The unit of cluster size is mm2.

with the acquisition of a correspondence between orthography
and phonology in both preschool children (Brem et al., 2010)
and adults (Hashimoto and Sakai, 2004). Previous studies with
atypically developing children have indicated that both resting-
state and task-driven functional connectivity between the left
fusiform gyrus and the parietal cortex were decreased in dyslexic
readers (Vogel et al., 2014). The current study extended these
findings to typically developing children, suggesting that the left
fusiform gyrus provides a neural gateway by which to integrate
print and sound for typically developing children as well.

It is worth mentioning that, the neuroimaging data in the
present study were collected together with the fluency measure
at age 14, later than the Visual Matching task and the reading
accuracy task which was collected at age ages 6 to 8 and
11, respectively. This allowed us to investigate the long-lasting
association between Visual Matching development, reading, and

neuroanatomical features from a developmental perspective.
Although relevant longitudinal research is scarce, associations
between early cognition and brain features measured later have
been examined recently (Kremen et al., 2019). Walhovd et al.
(2016) reported a high stability in the relationship between the
cortical surface area and general cognitive ability throughout life,
suggesting that this association might be genetically determined,
at least in part. Here, we found that both print-to-sound
mapping ability and reading ability were associated with cortical
morphometry measured at a later time, suggesting a stable
brain-reading correlation in specific brain areas, including the
left fusiform gyrus.

Limitations
There are mainly two limitations in the present study. First, since
the neuroimaging data were collected at only one time-point, we
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FIGURE 2 | Results of conjunction analysis. (A) The spatial overlap (white) of significant clusters obtained from whole brain analyses on the growth rate of VM (red)
and character recognition at age 11 (cyan). (B) Scatter plot illustrates the positive correlation (r = 0.27, t73 = 2.37, p = 0.021) between average cortical surface area
of the overlapping region and concurrent reading fluency at age 14, statistically controlling for age, sex and non-verbal IQ.

were unable to examine the developmental dynamics of cortical
morphometry and its relationship with reading acquisition.
Second, while multiple cognitive and neural characteristics have
been found to be impaired in dyslexia, in support of the multiple
deficits model of atypical reading development (Pennington,
2006), we mainly examined visual and phonological processes
in the present study. To gain a broader understanding of the
relationship between cognitive skills and literacy development,
as well as to investigate the underlying mechanisms, future
studies should use more neurocognitive measures, multimodal
neuroimaging methods, and longitudinal MRI assessments.

CONCLUSION

To conclude, the present study highlighted the importance of
the visual-verbal conversion components of the Visual Matching
task in predicting reading ability. It also highlighted the role of
the left fusiform gyrus in the development of such this coding
process among typical developing children. Given the differences
between Chinese and alphabetic scripts, further studies are
needed to further investigate whether the current findings can be
generalized to other writing systems including alphabetic scripts.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by Institutional Review Board of the State

Key Laboratory of Cognitive Neuroscience and Learning,
Beijing Normal University. Written informed consent to
participate in this study was provided by the participants’ legal
guardian/next of kin.

AUTHOR CONTRIBUTIONS

XC and ZX conceived of the original idea and carried out the
data analysis. XC, ZX, and JP developed the theory and wrote
the manuscript with the help of CM, PL, and HS. JP and HS
supervised the project. All authors provided critical feedback and
helped shape the research, analysis, and manuscript.

FUNDING

This research was supported by the Natural Science Foundation
of China (31271082, 31671126, and 31611130107), by
Beijing Municipal Science & Technology Commission
(Z151100003915122), by a General Research Fund of the
Hong Kong Special Administrative Region Research Grants
Council (14600818), by an Early Career Scheme of the
Hong Kong Special Administrative Region Research Grants
Council (28606818), by Guangdong Pearl River Talents Plan
Innovative and Entrepreneurial Team grant (2016ZT06S220),
and by China Postdoctoral Science Foundation (2018M641235
and 2019T120062).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnhum.
2020.567541/full#supplementary-material

Frontiers in Human Neuroscience | www.frontiersin.org 8 October 2020 | Volume 14 | Article 567541

https://www.frontiersin.org/articles/10.3389/fnhum.2020.567541/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnhum.2020.567541/full#supplementary-material
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles


fnhum-14-567541 October 16, 2020 Time: 18:57 # 9

Cui et al. Fusiform and Literacy Development

REFERENCES
Altarelli, I., Monzalvo, K., Iannuzzi, S., Fluss, J., Billard, C., Ramus, F., et al. (2013).

A functionally guided approach to the morphometry of occipitotemporal
regions in developmental dyslexia: evidence for differential effects in boys
and girls. J. Neurosci. 33, 11296–11301. doi: 10.1523/JNEUROSCI.5854-12.
2013

Bach, S., Richardson, U., Brandeis, D., Martin, E., and Brem, S. (2013). Print-
specific multimodal brain activation in kindergarten improves prediction
of reading skills in second grade. Neuroimage 82, 605–615. doi: 10.1016/j.
neuroimage.2013.05.062

Bakos, S., Landerl, K., Bartling, J., Schulte-Körne, G., and Moll, K. (2017). Deficits
in letter-speech sound associations but intact visual conflict processing in
dyslexia: results from a novel ERP-paradigm. Front. Hum. Neurosci. 11:116.
doi: 10.3389/fnhum.2017.00116

Beelen, C., Vanderauwera, J., Wouters, J., Vandermosten, M., and Ghesquière,
P. (2019). Atypical gray matter in children with dyslexia before the onset
of reading instruction. Cortex 121, 399–413. doi: 10.1016/j.cortex.2019.
09.010

Bowey, J. A., McGuigan, M., and Ruschena, A. (2005). On the association between
serial naming speed for letters and digits and word-reading skill: towards a
developmental account. J. Res. Read. 28, 400–422. doi: 10.1111/j.1467-9817.
2005.00278.x

Brem, S., Bach, S., Kucian, K., Guttorm, T. K., Martin, E., Lyytinen, H., et al.
(2010). Brain sensitivity to print emerges when children learn letter-speech
sound correspondences. Proc. Natl. Acad. Sci. U.S.A. 107, 7939–7944. doi: 10.
1073/pnas.0904402107

Cardoso-Martins, C., and Pennington, B. F. (2004). The relationship between
phoneme awareness and rapid serial naming skills and literacy acquisition: the
role of developmental period and reading ability. Sci. Stud. Read. 8, 27–52.
doi: 10.1207/s1532799xssr0801_3

Chen, L., Wassermann, D., Abrams, D. A., Kochalka, J., Gallardo-Diez, G., and
Menon, V. (2019). The visual word form area (VWFA) is part of both language
and attention circuitry. Nat. Commun. 10:5601. doi: 10.1038/s41467-019-
13634-z

Cohen, J. (1988). Statistical Power Analysis for The Behavioral Sciences. Hillsdale,
NJ: L. Erlbaum Associates.

Dale, A. M., Fischl, B., and Sereno, M. I. (1999). Cortical surface-based analysis: I.
Segmentation and surface reconstruction. Neuroimage 9, 179–194. doi: 10.1006/
nimg.1998.0395

Dehaene, S., and Cohen, L. (2011). The unique role of the visual word form area in
reading. Trends Cogn. Sci. 15, 254–262. doi: 10.1016/j.tics.2011.04.003

Dehaene, S., Pegado, F., Braga, L. W., Ventura, P., Nunes Filho, G., Jobert, A.,
et al. (2010). How learning to read changes the cortical networks for vision and
language. Science 330, 1359–1364. doi: 10.1126/science.1194140

Dehaene-Lambertz, G., Monzalvo, K., and Dehaene, S. (2018). The emergence of
the visual word form: longitudinal evolution of category-specific ventral visual
areas during reading acquisition. PLoS Biol. 16:e2004103. doi: 10.1371/journal.
pbio.2004103

Ehri, L. C., and McCormick, S. (1998). Phases of word learning: implications
for instruction with delayed and disabled readers. Read. Writ. Q. Overcoming
Learn. Diff. 14, 135–163. doi: 10.1080/1057356980140202

Fischl, B., Sereno, M. I., and Dale, A. M. (1999). Cortical surface-based analysis:
II: inflation, flattening, and a surface-based coordinate system. Neuroimage 9,
195–207. doi: 10.1006/nimg.1998.0396

Frost, S. J., Landi, N., Mencl, W. E., Sandak, R., Fulbright, R. K., Tejada, E. T.,
et al. (2009). Phonological awareness predicts activation patterns for print and
speech. Ann. Dyslexia 59, 78–97. doi: 10.1007/s11881-009-0024-y

Frye, R. E., Liederman, J., Malmberg, B., McLean, J., Strickland, D., and
Beauchamp, M. S. (2010). Surface area accounts for the relation of gray matter
volume to reading-related skills and history of dyslexia. Cereb. Cortex 20,
2625–2635. doi: 10.1093/cercor/bhq010

Glezer, L. S., Jiang, X., and Riesenhuber, M. (2009). Evidence for highly selective
neuronal tuning to whole words in the “visual word form area.”. Neuron 62,
199–204. doi: 10.1016/j.neuron.2009.03.017

Hagler, D. J., Saygin, A. P., and Sereno, M. I. (2006). Smoothing and cluster
thresholding for cortical surface-based group analysis of fMRI data. Neuroimage
33, 1093–1103. doi: 10.1016/j.neuroimage.2006.07.036

Hashimoto, R., and 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. doi: 10.1016/S0896-6273(04)00196-5

Hirshorn, E. A., Li, Y., Ward, M. J., Richardson, R. M., Fiez, J. A., and Ghuman,
A. S. (2016). Decoding and disrupting left midfusiform gyrus activity during
word reading. Proc. Natl. Acad. Sci. U.S.A. 113, 8162–8167. doi: 10.1073/pnas.
1604126113

Hoeft, F., McCandliss, B. D., Black, J. M., Gantman, A., Zakerani, N., Hulme, C.,
et al. (2011). Neural systems predicting long-term outcome in dyslexia. Proc.
Natl. Acad. Sci. U.S.A. 108, 361–366. doi: 10.1073/pnas.1008950108

Hosseini, S. M. H., Black, J. M., Soriano, T., Bugescu, N., Martinez, R., Raman,
M. M., et al. (2013). Topological properties of large-scale structural brain
networks in children with familial risk for reading difficulties. Neuroimage 71,
260–274. doi: 10.1016/j.neuroimage.2013.01.013

Ihaka, R., and Gentleman, R. (1996). R: a language for data analysis and graphics.
J. Comput. Graph. Stat. 5, 299–314. doi: 10.1080/10618600.1996.10474713

Jha, S. C., Xia, K., Ahn, M., Girault, J. B., Li, G., Wang, L., et al. (2019).
Environmental influences on infant cortical thickness and surface area. Cereb.
Cortex 29, 1139–1149. doi: 10.1093/cercor/bhy020

Klauda, S., and Guthrie, J. (2008). Relationships of three components of reading
fluency to reading comprehension. J. Educ. Psychol. 100:310. doi: 10.1037/0022-
0663.100.2.310

Kremen, W. S., Beck, A., Elman, J. A., Gustavson, D. E., Reynolds, C. A., Tu,
X. M., et al. (2019). Influence of young adult cognitive ability and additional
education on later-life cognition. Proc. Natl. Acad. Sci. U.S.A. 116, 2021–2026.
doi: 10.1073/pnas.1811537116

Kuhl, U., Neef, N. E., Kraft, I., Schaadt, G., Dörr, L., Brauer, J., et al. (2020).
The emergence of dyslexia in the developing brain. Neuroimage 211:116633.
doi: 10.1016/j.neuroimage.2020.116633

Lin, D., Sun, H., and Zhang, X. (2016). Bidirectional relationship between visual
spatial skill and Chinese character reading in Chinese kindergartners: a cross-
lagged analysis. Contemp. Educ. Psychol. 46, 94–100. doi: 10.1016/j.cedpsych.
2016.04.008

Maurer, U., Brem, S., Bucher, K., and Brandeis, D. (2005). Emerging
neurophysiological specialization for letter strings. J. Cogn. Neurosci. 17, 1532–
1552. doi: 10.1162/089892905774597218

McBride-Chang, C. (1996). Models of speech perception and phonological
processing in reading. Child Dev. 67, 1836–1856. doi: 10.1111/j.1467-8624.1996.
tb01831.x

Muthén, L. K., and Muthén, B. O. (2012). Mplus: Statistical Analysis with Latent
Variables; User’s Guide;[version 7]. Los Angeles, CA: Muthén et Muthén.

Noble, K. G., Houston, S. M., Brito, N. H., Bartsch, H., Kan, E., Kuperman, J. M.,
et al. (2015). Family income, parental education and brain structure in children
and adolescents. Nat. Neurosci. 18:773. doi: 10.1038/nn.3983

Pan, J., Cui, X., McBride, C., and Shu, H. (2020). An investigation of the
bidirectional relations of word reading to timed visual tasks involving different
levels of phonological processing in chinese. Sci. Stud. Read. 24, 275–291. doi:
10.1080/10888438.2019.1663857

Pan, J., Kong, Y., Song, S., McBride, C., Liu, H., and Shu, H. (2017). Socioeconomic
status, parent report of children’s early language skills, and late literacy skills: a
long term follow-up study among Chinese children. Read. Writ. 30, 401–416.
doi: 10.1007/s11145-016-9682-4

Pan, J., Song, S., Su, M., McBride, C., Liu, H., Zhang, Y., et al. (2016). On the
relationship between phonological awareness, morphological awareness and
Chinese literacy skills: evidence from an 8-year longitudinal study. Dev. Sci. 19,
982–991. doi: 10.1111/desc.12356

Pan, J., Yan, M., Laubrock, J., Shu, H., and Kliegl, R. (2013). Eye-voice span during
rapid automatized naming of digits and dice in Chinese normal and dyslexic
children. Dev. Sci. 16, 967–979. doi: 10.1111/desc.12075

Panizzon, M. S., Fennema-Notestine, C., Eyler, L. T., Jernigan, T. L., Prom-
Wormley, E., Neale, M., et al. (2009). Distinct genetic influences on cortical
surface area and cortical thickness. Cereb. Cortex 19, 2728–2735. doi: 10.1093/
cercor/bhp026

Pennington, B. F. (2006). From single to multiple deficit models of developmental
disorders. Cognition 101, 385–413. doi: 10.1016/j.cognition.2006.04.008

Price, C. J., and Devlin, J. T. (2011). The Interactive Account of ventral
occipitotemporal contributions to reading. Trends Cogn. Sci. 15, 246–253. doi:
10.1016/j.tics.2011.04.001

Frontiers in Human Neuroscience | www.frontiersin.org 9 October 2020 | Volume 14 | Article 567541

https://doi.org/10.1523/JNEUROSCI.5854-12.2013
https://doi.org/10.1523/JNEUROSCI.5854-12.2013
https://doi.org/10.1016/j.neuroimage.2013.05.062
https://doi.org/10.1016/j.neuroimage.2013.05.062
https://doi.org/10.3389/fnhum.2017.00116
https://doi.org/10.1016/j.cortex.2019.09.010
https://doi.org/10.1016/j.cortex.2019.09.010
https://doi.org/10.1111/j.1467-9817.2005.00278.x
https://doi.org/10.1111/j.1467-9817.2005.00278.x
https://doi.org/10.1073/pnas.0904402107
https://doi.org/10.1073/pnas.0904402107
https://doi.org/10.1207/s1532799xssr0801_3
https://doi.org/10.1038/s41467-019-13634-z
https://doi.org/10.1038/s41467-019-13634-z
https://doi.org/10.1006/nimg.1998.0395
https://doi.org/10.1006/nimg.1998.0395
https://doi.org/10.1016/j.tics.2011.04.003
https://doi.org/10.1126/science.1194140
https://doi.org/10.1371/journal.pbio.2004103
https://doi.org/10.1371/journal.pbio.2004103
https://doi.org/10.1080/1057356980140202
https://doi.org/10.1006/nimg.1998.0396
https://doi.org/10.1007/s11881-009-0024-y
https://doi.org/10.1093/cercor/bhq010
https://doi.org/10.1016/j.neuron.2009.03.017
https://doi.org/10.1016/j.neuroimage.2006.07.036
https://doi.org/10.1016/S0896-6273(04)00196-5
https://doi.org/10.1073/pnas.1604126113
https://doi.org/10.1073/pnas.1604126113
https://doi.org/10.1073/pnas.1008950108
https://doi.org/10.1016/j.neuroimage.2013.01.013
https://doi.org/10.1080/10618600.1996.10474713
https://doi.org/10.1093/cercor/bhy020
https://doi.org/10.1037/0022-0663.100.2.310
https://doi.org/10.1037/0022-0663.100.2.310
https://doi.org/10.1073/pnas.1811537116
https://doi.org/10.1016/j.neuroimage.2020.116633
https://doi.org/10.1016/j.cedpsych.2016.04.008
https://doi.org/10.1016/j.cedpsych.2016.04.008
https://doi.org/10.1162/089892905774597218
https://doi.org/10.1111/j.1467-8624.1996.tb01831.x
https://doi.org/10.1111/j.1467-8624.1996.tb01831.x
https://doi.org/10.1038/nn.3983
https://doi.org/10.1080/10888438.2019.1663857
https://doi.org/10.1080/10888438.2019.1663857
https://doi.org/10.1007/s11145-016-9682-4
https://doi.org/10.1111/desc.12356
https://doi.org/10.1111/desc.12075
https://doi.org/10.1093/cercor/bhp026
https://doi.org/10.1093/cercor/bhp026
https://doi.org/10.1016/j.cognition.2006.04.008
https://doi.org/10.1016/j.tics.2011.04.001
https://doi.org/10.1016/j.tics.2011.04.001
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles


fnhum-14-567541 October 16, 2020 Time: 18:57 # 10

Cui et al. Fusiform and Literacy Development

Pugh, K. R., Landi, N., Preston, J. L., Mencl, W. E., Austin, A. C., Sibley, D.,
et al. (2013). The relationship between phonological and auditory processing
and brain organization in beginning readers. Brain Lang. 125, 173–183. doi:
10.1016/j.bandl.2012.04.004

Pugh, K. R., Mencl, W. E., Jenner, A. R., Katz, L., Frost, S. J., Lee, J. R., et al. (2001).
Neurobiological studies of reading and reading disability. J. Commun. Disord.
34, 479–492. doi: 10.1016/S0021-9924(01)00060-0

Qi, T., Gu, B., Ding, G., Gong, G., Lu, C., Peng, D., et al. (2016). More
bilateral, more anterior: alterations of brain organization in the large-scale
structural network in Chinese dyslexia. Neuroimage 124, 63–74. doi: 10.1016/
j.neuroimage.2015.09.011

Raschle, N. M., Chang, M., and Gaab, N. (2011). Structural brain alterations
associated with dyslexia predate reading onset. Neuroimage 57, 742–749. doi:
10.1016/j.neuroimage.2010.09.055

Raven, J. C., Court, J. H., and Raven, J. (1996). Raven Manual: Section 3 Standard
ProgressiveMatrices With Adult US Norms by JC Raven, JH Court AndJ. Raven.
Oxford: Oxford Psychologist Press.

Raznahan, A., Greenstein, D., Lee, N. R., Clasen, L. S., and Giedd, J. N.
(2012). Prenatal growth in humans and postnatal brain maturation into late
adolescence. Proc. Natl. Acad. Sci. U.S.A. 109, 11366–11371. doi: 10.1073/pnas.
1203350109

Raznahan, A., Shaw, P., Lalonde, F., Stockman, M., Wallace, G. L., Greenstein,
D., et al. (2011). How does your cortex grow? J. Neurosci. 31, 7174–7177.
doi: 10.1523/JNEUROSCI.0054-11.2011

Rosenthal, J., and Ehri, L. C. (2008). The mnemonic value of orthography for
vocabulary learning. J. Educ. Psychol. 100:175. doi: 10.1037/0022-0663.100.1.
175

Rueckl, J. G., Paz-Alonso, P. M., Molfese, P. J., Kuo, W.-J., Bick, A., Frost, S. J.,
et al. (2015). Universal brain signature of proficient reading: evidence from four
contrasting languages. Proc. Natl. Acad. Sci. 112, 15510–15515. doi: 10.1073%
2Fpnas.1509321112

Saygin, Z. M., Osher, D. E., Norton, E. S., Youssoufian, D. A., Beach, S. D., Feather,
J., et al. (2016). Connectivity precedes function in the development of the visual
word form area. Nat. Neurosci. 19, 1250–1255. doi: 10.1038/nn.4354

Schatschneider, C., Fletcher, J. M., Francis, D. J., Carlson, C. D., and Foorman, B. R.
(2004). Kindergarten prediction of reading skills: a longitudinal comparative
analysis. J. Educ. Psychol. 96, 265–282. doi: 10.1037/0022-0663.96.2.265

Shu, H., Chen, X., Andersen, R. C., Wu, N., and Xuan, Y. (2003). Properties of
school chinese: implications for learning to read. Child Dev. 74, 27–47. doi:
10.1111/1467-8624.00519

Skeide, M. A., Kraft, I., Müller, B., Schaadt, G., Neef, N. E., Brauer, J., et al. (2016).
NRSN1 associated grey matter volume of the visual word form area reveals
dyslexia before school. Brain 139, 2792–2803. doi: 10.1093/brain/aww153

Song, S., Su, M., Kang, C., Liu, H., Zhang, Y., Mcbride-Chang, C., et al. (2015).
Tracing children’s vocabulary development from preschool through the school-
age years: an 8-year longitudinal study. Dev. Sci. 18, 119–131. doi: 10.1111/desc.
12190

Sowell, E. R., Thompson, P. M., Leonard, C. M., Welcome, S. E., Kan, E., and Toga,
A. W. (2004). Longitudinal mapping of cortical thickness and brain growth in
normal children. J. Neurosci. 24, 8223–8231. doi: 10.1523/JNEUROSCI.1798-
04.2004

Stevens, W. D., Kravitz, D. J., Peng, C. S., Tessler, M. H., and Martin, A. (2017).
Privileged functional connectivity between the visual word form area and the
language system. J. Neurosci. 37, 5288–5297. doi: 10.1523/JNEUROSCI.0138-
17.2017

Striedter, G. F., Srinivasan, S., and Monuki, E. S. (2015). Cortical folding: when,
where, how, and why? Annu. Rev. Neurosci. 38, 291–307. doi: 10.1146/annurev-
neuro-071714-034128

Tardif, T., Fletcher, P., Liang, W., Zhang, Z., Kaciroti, N., and Marchman, V. A.
(2008). Baby’s first 10 words. Dev. Psychol. 44, 929–938. doi: 10.1037/0012-1649.
44.4.929

Taylor, J. S. H., Rastle, K., and Davis, M. H. (2013). Can cognitive models explain
brain activation during word and pseudoword reading? A meta-analysis of 36
neuroimaging studies. Psychol. Bull. 139, 766–791. doi: 10.1037/a0030266

Thorndike, R. L., Hagen, E. P., and Sattler, J. M. (1986). Stanford-Binet Intelligence
Scale. Itasca, IL: Riverside Publishing Company.

van der Mark, S., Klaver, P., Bucher, K., Maurer, U., Schulz, E., Brem, S., et al.
(2011). The left occipitotemporal system in reading: disruption of focal fMRI
connectivity to left inferior frontal and inferior parietal language areas in
children with dyslexia. Neuroimage 54, 2426–2436. doi: 10.1016/j.neuroimage.
2010.10.002

Vogel, A. C., Petersen, S. E., and Schlaggar, B. L. (2014). The VWFA: it’s not
just for words anymore. Front. Hum. Neurosci. 8:88. doi: 10.3389/fnhum.2014.
00088

Vuoksimaa, E., Panizzon, M. S., Chen, C.-H., Fiecas, M., Eyler, L. T., Fennema-
Notestine, C., et al. (2015). The genetic association between neocortical volume
and general cognitive ability is driven by global surface area rather than
thickness. Cereb. Cortex 25, 2127–2137. doi: 10.1093/cercor/bhu018

Walhovd, K. B., Fjell, A. M., Brown, T. T., Kuperman, J. M., Chung, Y., Hagler,
D. J., et al. (2012). Long-term influence of normal variation in neonatal
characteristics on human brain development. Proc. Natl. Acad. Sci. U.S.A. 109,
20089–20094. doi: 10.1073/pnas.1208180109

Walhovd, K. B., Krogsrud, S. K., Amlien, I. K., Bartsch, H., Bjørnerud, A., Due-
Tønnessen, P., et al. (2016). Neurodevelopmental origins of lifespan changes in
brain and cognition. Proc. Natl. Acad. Sci. U.S.A. 113, 9357–9362. doi: 10.1073/
pnas.1524259113

Williams, V. J., Juranek, J., Cirino, P., and Fletcher, J. M. (2018). Cortical thickness
and local gyrification in children with developmental dyslexia. Cereb. Cortex 28,
963–973. doi: 10.1093/cercor/bhx001

Winkler, A. M., Greve, D. N., Bjuland, K. J., Nichols, T. E., Sabuncu, M. R., Håberg,
A. K., et al. (2018). Joint analysis of cortical area and thickness as a replacement
for the analysis of the volume of the cerebral cortex. Cereb. Cortex 28, 738–749.
doi: 10.1093/cercor/bhx308

Woodcock, R. W., and Johnson, M. B. (1989). WJ-R Tests of Cognitive Ability.
Itasca, IL: Riverside Publishing.

Yang, L. Y., Guo, J. P., Richman, L. C., Schmidt, F. L., Gerken, K. C., and Ding,
Y. (2013). Visual skills and chinese reading acquisition: a meta-analysis of
correlation evidence. Educ. Psychol. Rev. 25, 115–143. doi: 10.1007/s10648-013-
9217-3

Zhang, Z., and Yuan, K.-H. (2018). Practical Statistical Power Analysis Using
Webpower and R. Arlington: ISDSA Press.

Zhao, L., Chen, C., Shao, L., Wang, Y., Xiao, X., Chen, C., et al. (2016).
Orthographic and phonological representations in the fusiform cortex. Cereb.
Cortex 27, 5197–5210. doi: 10.1093/cercor/bhw300

Ziegler, J. C., and Goswami, U. (2005). Reading acquisition, developmental
dyslexia, and skilled reading across languages: a psycholinguistic grain size
theory. Psychol. Bull. 131, 3–29. doi: 10.1037/0033-2909.131.1.3

Ziegler, J. C., Pech-Georgel, C., Dufau, S., and Grainger, J. (2010). Rapid
processing of letters, digits and symbols: what purely visual-attentional deficit
in developmental dyslexia? Dev. Sci. 13, F8–F14. doi: 10.1111/j.1467-7687.2010.
00983.x

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Cui, Xia, McBride, Li, Pan and Shu. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Human Neuroscience | www.frontiersin.org 10 October 2020 | Volume 14 | Article 567541

https://doi.org/10.1016/j.bandl.2012.04.004
https://doi.org/10.1016/j.bandl.2012.04.004
https://doi.org/10.1016/S0021-9924(01)00060-0
https://doi.org/10.1016/j.neuroimage.2015.09.011
https://doi.org/10.1016/j.neuroimage.2015.09.011
https://doi.org/10.1016/j.neuroimage.2010.09.055
https://doi.org/10.1016/j.neuroimage.2010.09.055
https://doi.org/10.1073/pnas.1203350109
https://doi.org/10.1073/pnas.1203350109
https://doi.org/10.1523/JNEUROSCI.0054-11.2011
https://doi.org/10.1037/0022-0663.100.1.175
https://doi.org/10.1037/0022-0663.100.1.175
https://doi.org/10.1073%2Fpnas.1509321112
https://doi.org/10.1073%2Fpnas.1509321112
https://doi.org/10.1038/nn.4354
https://doi.org/10.1037/0022-0663.96.2.265
https://doi.org/10.1111/1467-8624.00519
https://doi.org/10.1111/1467-8624.00519
https://doi.org/10.1093/brain/aww153
https://doi.org/10.1111/desc.12190
https://doi.org/10.1111/desc.12190
https://doi.org/10.1523/JNEUROSCI.1798-04.2004
https://doi.org/10.1523/JNEUROSCI.1798-04.2004
https://doi.org/10.1523/JNEUROSCI.0138-17.2017
https://doi.org/10.1523/JNEUROSCI.0138-17.2017
https://doi.org/10.1146/annurev-neuro-071714-034128
https://doi.org/10.1146/annurev-neuro-071714-034128
https://doi.org/10.1037/0012-1649.44.4.929
https://doi.org/10.1037/0012-1649.44.4.929
https://doi.org/10.1037/a0030266
https://doi.org/10.1016/j.neuroimage.2010.10.002
https://doi.org/10.1016/j.neuroimage.2010.10.002
https://doi.org/10.3389/fnhum.2014.00088
https://doi.org/10.3389/fnhum.2014.00088
https://doi.org/10.1093/cercor/bhu018
https://doi.org/10.1073/pnas.1208180109
https://doi.org/10.1073/pnas.1524259113
https://doi.org/10.1073/pnas.1524259113
https://doi.org/10.1093/cercor/bhx001
https://doi.org/10.1093/cercor/bhx308
https://doi.org/10.1007/s10648-013-9217-3
https://doi.org/10.1007/s10648-013-9217-3
https://doi.org/10.1093/cercor/bhw300
https://doi.org/10.1037/0033-2909.131.1.3
https://doi.org/10.1111/j.1467-7687.2010.00983.x
https://doi.org/10.1111/j.1467-7687.2010.00983.x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles

	Shared Neural SubstratesUnderlying Reading and Visual Matching: A Longitudinal Investigation
	Introduction
	Materials and Methods
	Participants
	Behavioral Measures
	Non-verbal IQ
	Cross Out
	Visual Matching
	Phonological Awareness
	Morphological Awareness
	Vocabulary Knowledge
	Character Recognition
	Reading Fluency

	Data Analyses
	Analyses of Behavioral Measures
	MRI Data Acquisition
	MRI Data Preprocessing
	MRI Data Analyses


	Results
	Contributions of Visual Matching and Cross Out to Reading
	MRI-Related Findings

	Discussion
	Role of Visual Matching
	Role of the Left Fusiform Gyrus
	Limitations

	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


