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Abstract
We used functional magnetic resonance imaging (fMRI) to map the neural systems involved in reading Chinese in 125
participants 6–74 years old to examine two theoretical issues: how brain structure and function are related in the context
of the lifetime neural development of human cognition and whether the neural network for reading is universal or
different across languages. Our findings showed that a common network of left frontal and occipital regions typically
involved in reading Chinese was recruited across all participants. Crucially, activation in left mid-inferior frontal regions,
fusiform and striate–extrastriate sites, premotor cortex, right inferior frontal gyrus, bilateral insula, and supplementary
motor area all showed linearly decreasing changes with age. These findings differ from previous findings on alphabetic
reading development and suggest that early readers at age 6–7 are already using the same cortical network to process
printed words as adults, though the connections among these regions are modulated by reading proficiency, and cortical
regions for reading are tuned by experience toward reduced and more focused activation. This fMRI study has
demonstrated, for the first time, the neurodevelopment of reading across the lifespan and suggests that learning
experience, instead of pre-existing brain structures, determines reading acquisition.

Key words: Chinese reading, functional and structural development, lifespan brain development, neural development of
reading, reading development

Introduction
Research examining how cortical specialization emerges during
development has been proliferative (Bock et al. 2011; Briggman
et al. 2011), yet few studies have explored the development of
the cortical system across the lifespan. This study investigated
the neural development of logographic Chinese reading across
the lifespan, from childhood (age 6) to late adulthood (age 74),

scrutinizing two theoretical issues. First, we examine how brain
structure and function are related in the context of the life-
time neural development of human cognition. Three hypotheses
have been proposed. The “structure-based account” holds that
the emergence of a skill is contingent upon the onset of the
functioning and maturation of brain regions specialized for that
skill (Johnson 2001) and that structural fingerprints determine
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functional fingerprints (Carreiras et al. 2009; Saygin et al. 2012,
2016; Srihasam et al. 2014; Osher et al. 2016). It is well known
that gray matter (GM) volumes increase before puberty and then
decline until old age while white matter (WM) volumes increase
linearly from early childhood to adolescence, and after that, they
increase at a slower rate until reaching a plateau by the fourth
decade of life (Giedd et al. 1999; Courchesne et al. 2000; Gogtay
et al. 2004; Pfefferbaum et al. 2013; Tamnes et al. 2017). There-
fore, the developmental patterns of both GM and WM show an
inverted U-shaped curve across the lifespan. Cortical activations
may show the same patterns as anatomical changes across the
human lifespan. The “experience-based account” assumes that
the stereotyped locations develop due to the specific tuning of
neurons in a cortical region to shape features and the cognitive
functions subserved by a brain region are determined by the
amount and type of information it receives and transmits during
development (Bedny 2017). In this account, regional cortical
activation is a function of the level of skill (Srihasam et al. 2014).
The “interactive specialization account” argues that cognitive
functions are supported by multiple specialized cortical regions
that are highly interactive and dynamic in nature (Friston and
Price 2001). The neural development of cognitive skills, thus,
should involve changes in connections among those special-
ized regions (Johnson 2001). To date, these hypotheses have not
been tested in terms of the lifespan development of cognitive
skills.

Second, we explore whether the neural network for reading is
universal or different across languages. The neuronal recycling
hypothesis (Dehaene 2009) postulates that the successful acqui-
sition of evolutionarily recent reading skills, which takes years
and explicit effort to achieve full potency, is contingent upon
the encroachment and fine-tuning of pre-existing, genetically
evolved ventral visual cortical areas to process the novel visual
stimuli and to integrate the visual outputs with phonology and
meaning. A key issue under debate is whether print–sound map-
ping engages a universal or culturally diverse pathway across
languages (Dehaene 2009; Coltheart 2014). The universal reading
perspective assumes that because all writing systems encode
spoken languages that are subserved by a universal neural net-
work and that share universal visual features, an identical brain
network should be used for all languages regardless of the level
of reading proficiency (Dehaene and Cohen 2011; Nakamura
et al. 2012; Rueckl et al. 2015). In contrast, the property-based
perspective argues that no universal visual features could be
identified for all writing systems; thus, different cortical regions
must be recruited to support specific visual features (Coltheart
2014). Thus, differential neuronal networks may be observed
at the beginning of reading development across different lan-
guages; even if beginner readers of a writing system initially
use the same neural system that was originally used for speech
processing to process the visual mode of the language, brain
regions that support the computation of features unique to
the writing system will be co-opted, gradually leading to the
development of cultural-specific reading systems.

Using functional magnetic resonance imaging (fMRI), we
attempted to discover brain activity patterns during a reading
task in 125 native Chinese speakers across a long age span (60
children aged 6–11 and 65 adults aged 18–74). We devised a
phonology-based reading task because reading development
is closely associated with phonological processing in all
languages (Goswami and Ziegler 2006; Carreiras et al. 2009) and
because different writing systems differ principally in print–
sound mappings. In the experimental task, participants judged

whether two simultaneously presented words had the same
pronunciation. In the control task, participants made font size
judgments, deciding whether two visually presented words had
the same physical size.

Materials and Methods
Participants

One hundred thirty native Chinese participants in Beijing
participated in the fMRI experiments. Data from four children
with behavioral performance below chance level (58%) and
from one adult with excessive head motion during scanning
were excluded from the analysis. The final sample consisted
of 125 participants, including 28 beginner readers who had
been reading for less than 4 months (17 males and 11 females,
mean age = 7 years 4 months, standard deviation [SD] = 3.3 m),
32 intermediate readers (20 males and 12 females, mean
age = 10 years 3 months, SD = 5.4 months), 34 younger adult
readers (17 males and 17 females, mean age = 25 years 0 month,
SD = 55.3 month), and 31 older adult readers (19 males and 12
females, mean age = 50 years 8 months, SD = 119.3 months).
Participants were paid for their participation and gave informed
consent according to guidelines set by the Administrative Panels
on Human Participants in Medical Research of the Beijing MRI
Center for Brain Research at the Chinese Academy of Sciences
and the University of Hong Kong. All participants had no history
of language disorders or neurological illness. Participants were
strongly right-handed, as judged by the handedness inventory
devised by Snyder and Harris (1993). A detailed demographic
information of the participants is presented in Table 1.

Stimuli and Experimental Design

The functional activation task used in this study was a homo-
phone judgment task (to judge whether two synchronously pre-
sented Chinese characters had identical pronunciation). In the
control condition, participants decided whether a pair of charac-
ters had the same physical size (font size decision). All Chinese
characters used were commonly encountered and selected from
grade 1 Chinese language textbooks to ensure that younger
readers could also complete the tasks. The visual complexity of
the characters was matched across all conditions.

A blocked design was used, in which six blocks of font size
judgments (the baseline task) were alternated with six blocks
of homophone judgments (the experimental task). Each block
consisted of a 2-s instruction and 8 trials. In each trial, a pair
of characters was synchronously presented for 1500 ms, one
above and one below a fixation cross, followed by a 1500-ms
blank interval. Participants indicated a positive response by
pressing the key corresponding to the index finger of their right
(dominant) hand and a negative response by pressing the key
corresponding to the index finger of their left (nondominant)
hand. They were asked to perform the tasks as quickly and
accurately as possible.

Participants’ reading ability was evaluated by asking them
to read aloud 400 Chinese characters (the character reading
task). These characters were selected from textbooks used in
primary schools in Beijing for first to sixth graders, with 40
characters being selected from each grade level. The remaining
160 characters were selected from low-frequency characters
in a linguistic corpus that was not covered in primary school
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Table 1 Demographic information and in-scanner behavioral performance of participants

(1) Beginning readers (2) Intermediate readers (3) Younger adults (4) Older adults One-way ANOVA
P value

Number of
participants

28 32 34 31

Mean age 7 years 4 months
(3.3 months)

10 years 3 months
(5.4 months)

25 years 0 months
(55.3 months)

50 years 8 months
(119 months)

Gender 17M 11F 20M 12F 17M 17F 19M 12F
Raven (in percentile) 81 (17) 76 (7) N/A N/A
Chinese reading score
(total score = 400)

69 (21) 200 (25) 310 (71.8) 186 (61.6) <0.001;
(1) < (2) = (4) < (3)

Experimental task Accuracy (%) 75 (9.7) 82 (10.9) 95 (3.8) 95 (5.1) <0.001;
(1) < (2) < (3) = (4)

Baseline task Accuracy (%) 83 (9.4) 88 (8.6) 94 (5.0) 95 (4.5) <0.001;
(1) < (2) < (3) = (4)

Children Adults Children versus adults
P value

All subjects

Number of
participants

60 65

Mean age 8 years 11 months
(18 months)

37 years 3 months
(180 months)

Age range 6 years
9 months–11 years
5 months

18 years
7 months–74 years
3 months

Gender 37M 23F 36M 29F
Raven (in percentile) 81 (17) N/A
Chinese reading score 139 (70) 245 (90) <0.005
Experimental task Accuracy (%) 79 (10.7) 95 (4.8) <0.001
Baseline task Accuracy (%) 85 (9.9) 95 (4.4) <0.001

Character reading and homophone decision
accuracy matched

Number of
participants

24 24

Mean age 9 years 11 months
(14 months)

39 years 7 months
(194 months)

Age range 7 years
3 months–11 years
5 months

19 years
8 months–74 years
3 months

Gender 13M 11F 15M 9F
Chinese reading score 186 (47) 214 (101) = 0.22
Experimental task Accuracy (%) 88 (5.1) 90 (4.1) = 0.25
Baseline task Accuracy (%) 92 (3.8) 94 (5.1) = 0.10

SDs in parentheses.

textbooks. Characters were arranged by increasing difficulty
(as determined by grade level and visual complexity or stroke
number). Participants were asked to read the characters aloud
as quickly and accurately as possible within 3 min. The test was
discontinued when a participant made 10 consecutive errors.
Six adults did not return for the reading test; thus, only 59
adults were tested on their reading ability. The average reading
scores of children and adults were 139 (SD = 70) and 245 (SD = 90),
respectively.

Image Acquisition

Whole-brain imaging data were acquired on a 3-T Siemens MRI
scanner at the Beijing MRI Center for Brain Research of the
Chinese Academy of Sciences using a T2∗-weighted gradient-
echo echo-planar imaging (EPI) sequence (TE = 30 ms, TR = 2 s,
flip angle = 90◦, slice thickness = 4 mm, field of view = 22 cm).
Thirty-two contiguous axial slices were acquired parallel to
the AC–PC line. Visual stimuli were presented via a liquid
crystal display projector and back-projected onto a projection
screen placed at the end of the scanner bore. Participants
viewed the rear projection screen through a mirror attached
to the head coil. Each functional scan was preceded by 6 s
of dummy scans to allow for T1 equilibration. At the end of

each imaging run, participants viewed a fixation cross contin-
uously for 60 s. High-resolution (1 × 1 × 1 mm3) anatomical
images were acquired using a T1-weighted, 3D gradient-echo
sequence.

Data Analysis

Functional Data
The functional data were preprocessed and analyzed with SPM8
(Wellcome Department of Cognitive Neurology, University Col-
lege London, London) using MATLAB 7.5.0 (MathWorks). The first
three volumes of each fMRI scan were discarded to allow for T1

equilibration, and the remaining volumes of each subject’s data
set were realigned to the first volume of the functional run and
resliced to correct artifacts due to head movements. Volumes
were then spatially normalized to an EPI template based on
the ICBM152 stereotactic space, an approximation of canonical
space (Talairach and Tournoux 1988), and were resampled into
2 × 2 × 2 mm cubic voxels. This normalization procedure has
been shown to be appropriate for children aged 7 and above
(Burgund et al. 2002) and would allow comparisons of activations
across participants of different ages. The images were spatially
smoothed by an isotropic Gaussian kernel (6-mm full width at
half-maximum).
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All functional images were inspected for artifacts using
the artifact detection toolbox (http://www.nitrc.org/projects/a
rtifact_detect). An outlier was defined if an image exceeded
3 SDs from the mean global signal or if between-image head
movement exceeded a prespecified threshold (0.5 mm for
translation or 0.02 radians for rotation). Each outlier image
was modeled as a single regressor of no interest and was
excluded in the first-level statistical analysis. On average,
1.1% (SD = 1.9%) and 1.2% (SD = 1.4%) of the images in the
homophone scan were defined as outliers in children and
adults, respectively, and the mean translational movement
(x, y, z) for children and adults was 0.080 (SD = 0.037) and
0.205 (SD = 0.213), respectively. Independent-samples t-tests
revealed that the two groups did not differ significantly in
the number of outlier images [t(123) = 0.19, P = 0.85], but the
head movement of adults was significantly larger than that of
children [t(123) = 4.496, P < 0.001]. As age and mean translational
movement were positively correlated (r = 0.61, P < 0.001), the
six motion parameters obtained during image realignment
were included in the first-level model as additional regressors
of no interest to minimize motion artifacts across ages. An
individual subject’s activation t-map was generated using a
general linear model (Friston et al. 1995), in which time series
were convolved with the canonical hemodynamic response
function.

The data were globally scaled, high-pass filtered at 128 s, and
corrected for serial correlations using a first-order autoregres-
sive AR(1) model. The contrast images between experimental
and baseline conditions from each subject were taken into a
second-level random effects model for group analysis. Whole-
brain activation maps averaged across all participants were
computed for homophone > font size judgment by using one-
sample t-tests. To evaluate age differences in brain activation,
we contrasted brain activity between children and adults using
an independent-samples t-test (P < 0.05 FDR corrected at the
voxel level and P < 0.05 FWE corrected at the cluster level) and
conducted whole-brain regression analyses with age as a con-
tinuous predictor variable (P < 0.05 FDR corrected at the voxel
level and P < 0.05 FWE correction at the cluster level). In addi-
tion, activation clusters in the all-participant homophone >

font activation map that survived the voxel-level P < 0.001 FWE
threshold were defined as regions of interest (ROIs) for the
homophone condition. Pearson’s r correlation coefficients (two-
tailed) between average BOLD contrast estimates within these
ROIs and behavioral measures (age and character reading per-
formance) were computed across participants using SPSS 23.0.
Brain regions are estimated from Talairach and Tournoux (1988)
after adjustments for differences between the MNI and Talairach
coordinates (http://www.talairach.org/).

To further investigate how brain regions convey informa-
tion between one another, effective connectivity in four regions
(see Results) associated with Chinese reading was computed by
dynamic causal modeling (DCM). DCM models neuronal activity
by estimating parameters that represent 1) the intrinsic con-
nections between regions, 2) the modulatory effects of experi-
mental tasks on the changes in the coupling between regions,
and 3) the direct effects of experimental inputs on particular
brain regions (Friston et al. 2003). In a DCM analysis, models
or families of models that represent brain region connections
are first specified, and the models/families are then evaluated
against the empirical data by a process called Bayesian model
selection (BMS), in which the complexity and accuracy of the
models/families are taken into account (Penny et al. 2004). All

analyses were performed using SPM 12 (https://www.fil.ion.ucl.a
c.uk/spm/software/spm12/).

Anatomical Data
All anatomical images were processed and analyzed using the
Computational Anatomy Toolbox (CAT12; http://www.neuro.u
ni-jena.de/cat/) implemented in SPM12 using a standard pro-
tocol (http://www.neuro.uni-jena.de/cat12/CAT12-Manual.pdf).
Voxel-based morphometry analysis was conducted to estimate
the GM and WM density of participants using a fully auto-
mated algorithm, and each participant’s modulated and nor-
malized GM and WM tissue segments were smoothed using a
12-mm FWHM Gaussian kernel. Pearson’s r correlation coeffi-
cients (two-tailed) between gray and WM density within these
ROIs and age were computed across participants.

Results
Demographic information and behavioral performance for all
participants are presented in Table 1. The mean character
reading performance (out of 400) was 69, 200, 310, and 186,
and the in-scanner behavioral performance (percentage correct)
on homophone decision was 75, 82, 95, and 95 for beginner
readers, intermediate readers, younger adult readers, and older
adult readers, respectively. Character reading performance
and homophone decision score were moderately correlated
(r = 0.55, P < 0.001). Thus, the homophone decision task could
be considered a good measurement of reading abilities.

Consistent with previous findings (Siok et al. 2004; Tan et al.
2005; Xue et al. 2005; Gabrieli 2009; Wu et al. 2012), we found
reading Chinese, as indexed by orthography-to-phonology map-
ping in our task, is subserved by a brain network that includes
the left mid-inferior frontal regions (BAs 9/44/45/47), left pre-
central gyrus (BA 6), right inferior frontal gyrus (BA 47), superior
medial frontal regions (BAs 6/8), dorsal anterior cingulate gyrus
(BA 32), insula, left superior parietal lobule (SPL) (BA 7), left
striate cortex (BA 17), bilateral extrastriate cortices (BAs 18/19),
left fusiform gyrus (BA 37), caudate nucleus, putamen, thalamus,
and cerebellum (Fig. 1 and Table 2). For each of the four age
groups, similar brain networks were observed, with younger
readers generally showing activation that was more bilateral
and more extensive (more voxels) within these regions than
older readers (c.f. Turkeltaub et al. 2003). Because brain activity
differences between the two child groups and between the two
adult groups were not significant (at P < 0.001 uncorrected), we
collapsed the two child groups and the two adult groups in the
subsequent group comparison analyses.

We performed whole-brain regression analysis with age as
a predictor variable to find out which brain regions showed
activity that varied with age, with voxel-level threshold at
P < 0.05 FDR corrected and cluster-level threshold at P < 0.05 FWE
corrected (Fig. 2A). We found significant negative correlations at
bilateral insula (left, x = −36, y = 11, z = −6, r = −0.46, P < 0.001;
right, x = 32, y = 13, z = −6, r = −0.50, P < 0.001), right mid-superior
frontal gyrus (BA 10, x = 24, y = 51, z = 18, r = −0.40, P < 0.001),
dorsal anterior cingulate cortex (BA 32, x = 10, y = 30, z = 24,
r = −0.46, P < 0.001), right extrastriate cortex (BA 19, x = 53,
y = −63, z = 16, r = −0.40, P < 0.001), and bilateral thalamus (left,
x = −8, y = −24, z = 16, r = −0.49, P < 0.001; right, x = 8, y = −13,
z = 4, r = −0.45, P < 0.001) (Fig. 2B). No positive correlation was
seen. Within these seven regions, BOLD activation correlated
mildly with character reading at all except the right thalamus
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Figure 1. Brain regions showing significant activation during homophone judgment. Results from two voxel-level thresholds are shown: P < 0.05 FDR correction (left
panels) and P < 0.05 FWE correction (right panels). Cluster-level threshold was set at P < 0.05 FWE correction for both of them.

regions (left insula, r = −0.28, P < 0.005; right insula, r = −0.25,
P < 0.01; cingulate, r = −0.26, P < 0.005; right mid-superior frontal
gyrus, r = −0.19, P < 0.05; right extrastriate, r = −0.23, P < 0.05; left
thalamus, r = −0.21, P < 0.05); moderately with GM density at
bilateral insula (left, r = 0.39, P < 0.001; right, r = 0.36, P < 0.001),
cingulate (r = 0.42, P < 0.001), and right mid-superior frontal
gyrus (r = 0.33, P < 0.001); and mildly with WM density at right

insula (r = −0.27, P < 0.005) and right extrastriate cortex (r = −0.21,
P < 0.05).

To examine specific regions that exhibited developmental
changes in the reading network, we followed previous studies
investigating the neurodevelopment of memory and used the
ROIs approach (Golarai et al. 2007; Ofen et al. 2007). We identified
activation clusters in the all-participant homophone > font
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Table 2 Coordinates of activation peaks during homophone > font size judgment in (A) all participants, (B) children, and (C) adults

Talairach coordinates

mm3 BA x y z Peak t Peak Z

A. Across all participants (n = 125, voxel-level threshold at P < 0.001 FWE correction)
Left mid-inferior frontal cortex 6089 44 −44 17 25 17.64 Inf

′′ 45 −48 31 4 13.00 Inf
′′ 9 −48 4 42 12.38 Inf
′′ 47 −32 21 −1 12.35 Inf
′′ 44 −53 14 11 10.54 Inf
′′ 47 −48 42 −5 9.41 Inf

Left precentral gyrus ′′ 6 −36 0 44 10.06 Inf
Right inferior frontal cortex/insula 674 47 32 25 −5 12.16 Inf
Medial frontal cortex and the SMA 2592 8 −2 20 47 14.70 Inf

′′ 6 −4 12 53 14.46 Inf
Cingulate gyrus ′′ 32 8 29 26 8.68 7.65
Left SPL 568 7 −28 −62 45 11.43 Inf
Left striate cortex 6515 17 −10 −85 4 11.51 Inf

′′ 17 −22 −95 3 11.42 Inf
′′ 17 −8 −75 13 9.59 Inf
′′ 17 −17 −75 11 9.48 Inf

Left extrastriate cortex ′′ 18 −30 −89 −1 10.99 Inf
′′ 19 −24 −66 −3 9.56 Inf
′′ 19 −36 −83 6 9.47 Inf
′′ 19 −28 −77 19 9.39 Inf

Right extrastriate cortex ′′ 18 28 −93 1 9.75 Inf
Left fusiform gyrus ′′ 37 −50 −55 −12 9.36 Inf

37 −46 −59 −24 8.54 7.56
Right cerebellum ′′ 10 −77 −16 13.70 Inf

′′ 32 −63 −20 11.19 Inf
′′ 32 −59 −22 11.00 Inf
′′ 36 −69 −18 9.47 Inf
′′ 22 −69 −18 9.39 Inf

Putamen 463 12 2 2 8.75 7.71
Caudate nucleus ′′ 20 −3 22 8.95 7.83

′′ 12 8 11 8.91 7.81
1313 −16 −1 18 12.84 Inf
′′ −14 6 7 12.57 Inf

Thalamus ′′ −4 −9 10 7.69 6.94
B. Children (n = 60, voxel-level threshold at P < 0.05 FWE correction)
Medial frontal cortex 2750 8 −2 20 49 15.75 Inf

′′ 8 −2 30 46 11.50 Inf
Cingulate gyrus ′′ 32 10 23 38 10.55 Inf

′′ 32 −8 23 32 9.10 7.20
′′ 32 8 29 26 9.10 7.10
′′ 24 12 32 13 5.60 5.00

SMA ′′ 6 −4 3 62 9.70 7.50
Left mid-inferior frontal cortex 5134 44 −44 19 25 14.50 Inf

′′ 9/44 −50 15 29 13.38 Inf
′′ 44 −44 7 31 12.34 Inf
′′ 6 −38 1 50 8.85 7.03
′′ 46 −48 39 5 8.61 6.90
′′ 11 −46 40 −12 6.33 5.51

Left inferior frontal cortex/insula ′′ 47 −38 17 −3 11.95 Inf
′′ 47 −30 21 1 10.47 7.83

Left inferior frontal cortex ′′ 45 −53 26 17 10.08 7.65
′′ 45 −50 29 4 8.87 7.04

Left precentral gyrus ′′ 6 −48 0 46 10.21 7.71
Right insula 830 32 23 −1 12.21 Inf
Left extrastriate cortex 2468 18 −32 −87 1 10.11 7.67

′′ 18 −28 −95 3 9.82 7.53
Left striate cortex ′′ 17 −10 −85 4 8.27 6.71
Right extrastriate cortex 156 18 30 −91 1 7.99 6.55

(Continued)
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Table 2 Continued

Talairach coordinates

mm3 BA x y z Peak t Peak Z

′′ 18 36 −86 −2 7.69 6.37
′′ 18 24 −99 3 7.28 6.12
299 18 16 −79 19 7.55 6.29

Right cuneus ′′ 17 10 −87 8 7.24 6.10
′′ 17 16 −73 13 6.78 5.80

C. Adults (n = 65, voxel-level threshold at P < 0.05 FWE correction)
Left mid-inferior frontal cortex 3613 44 −46 17 25 11.54 Inf

′′ 45 −48 31 4 11.51 Inf
′′ 45/46 −46 26 17 10.39 Inf
′′ 45 −46 15 20 9.84 7.65
′′ 9 −38 2 37 8.68 7.03
′′ 44 −50 12 12 8.54 6.95
′′ 9 −48 4 42 8.42 6.88
′′ 47 −44 31 −7 7.01 6.01
′′ 6 −26 0 46 6.42 5.62
′′ 10 −42 41 −2 6.31 5.54

SMA 954 6 −4 11 55 9.31 7.37
′′ 6 −4 9 62 9.25 7.34

Medial frontal cortex ′′ 6 −4 18 45 8.21 6.76
Right inferior frontal cortex 121 47 32 25 −5 7.27 6.18
Left striate cortex 1904 17 −10 −85 6 8.85 7.13

17 −10 −77 17 7.90 6.58
′′ 17 −14 −71 13 7.68 6.44

Left extrastriate cortex 203 18 −28 −75 22 8.42 6.88
′′ 19 −36 −81 17 5.89 5.24
′′ 19 −28 −86 19 5.54 4.99
280 18 −22 −95 3 7.53 6.35
′′ 18 −30 −91 −2 7.28 6.19
′′ 19 −38 −81 6 6.20 5.46

Left fusiform gyrus 55 37 −53 −59 −12 7.09 6.07
′′ 37 −51 −49 −13 5.60 5.04

Right extrastriate cortex 85 18 22 −93 0 6.93 5.97
Caudate nucleus 216 −16 −3 19 6.97 5.99

′′ −14 6 5 6.31 5.55
′′ −16 −12 23 5.57 5.01

Right cerebellum 422 14 −75 −16 9.06 7.24
′′ 26 −63 −19 7.02 6.02
′′ 34 −65 −20 6.32 5.55

activation map that survived the stringent voxel-level P < 0.001
FWE threshold as ROIs. Seven ROIs were identified (Fig. 3,
Table 3), including the left mid-inferior frontal regions (ROI 1),
medial frontal cortex and supplementary motor area (SMA) (ROI
2), left fusiform gyrus (FG) and striate–extrastriate cortices (ROI
3), left caudate nucleus and thalamus (ROI 4), right inferior
frontal cortex and insula (ROI 5), left SPL (ROI 6), and right
caudate nucleus and putamen (ROI 7).

Within the seven ROIs, Pearson’s r correlation coefficients
between (a) age and BOLD signal activation, (b) age and activa-
tion cluster size, (c) age and GM density, (d) age and WM density,
(e) GM density and BOLD signal activation, (f) WM density and
BOLD signal activation, (g) character reading and BOLD signal
activation, (h) character reading and activation cluster size, (i)
character reading and GM density, and (j) character reading
and WM density were computed across participants (Fig. 3,
Table 3), and independent-samples t-tests between the two
age groups were computed for four brain measures: (a) BOLD
signal activation, (b) activation cluster size, (c) GM density,

and (d) WM density (Fig. 4, Table 4). BOLD signal activation
at six of these functionally defined ROIs showed significant
negative correlations with age as well as character reading
and was significantly different between children and adults
(two-tailed, Holm–Bonferroni corrected at P < 0.05). These ROIs
included the left mid-inferior frontal regions [ROI 1, r = −0.33,
P < 0.001 for age and r = −0.23, P < 0.05 for character reading;
t(123) = 3.96, P < 0.001], medial frontal cortex and SMA [ROI 2,
r = −0.38, P < 0.001; t(123) = 5.37, P < 0.001 for age and r = −0.33,
P < 0.001 for character reading], left FG and striate–extrastriate
cortices [ROI 3: r = −0.24, P < 0.01; t(123) = 2.51, P < 0.05 for age
and r = −0.19, P < 0.05 for character reading], left caudate nucleus
and thalamus [ROI 4, r = −0.33, P < 0.001; t(123) = 4.90, P < 0.001 for
age and r = −0.32, P < 0.001 for character reading], right inferior
frontal cortex and insula [ROI 5: r = −0.43, P < 0.001; t(123) = 5.25,
P < 0.001 for age and r = −0.22, P < 0.05 for character reading], and
right caudate nucleus and putamen [ROI 7, r = −0.25, P < 0.01;
t(123) = 3.60, P < 0.001 for age and r = −0.20, P < 0.05 for character
reading]. BOLD activity at the left SPL (ROI 6) did not vary with
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Figure 2. (A) Negative correlations from the whole-brain regression analysis with age as a predictor variable. Voxel-level threshold was set at P < 0.05 FDR corrected,
cluster-level threshold at P < 0.05 FWE corrected. (B) Correlation plots at the left insula (x = −36, y = 11, z = −6), right insula (x = 32, y = 13, z = −6), dorsal anterior cingulate
gyrus (BA 32, x = 10, y = 30, z = 24), right mid-superior frontal gyrus (BA 10, x = 24, y = 51, z = 18), right extrastriate cortex (BA 19, x = 53, y = −63, z = 16), right thalamus (x = 8,

y = −13, z = 4), and left thalamus (x = −8, y = −24, z = 16) between BOLD contrast estimates and (1) age, (2) character reading, (3) GM density, and (4) WM density in the
second to fifth columns. In each scatterplot, a fit line was added by using a local regression (LOESS) method (Epanechnikov kernel, 80% of points to fit, 95% confidence
intervals).

age [r = 0.02, P = 0.86; t(123) = 0.04, P = 0.97] or character reading
(r = −0.12, P = 0.21).

Average activation cluster size showed significant negative
correlations with age and was significantly different between

children and adults in the medial frontal cortex and SMA [ROI 2,
r = −0.25, P < 0.01; t(123) = 4.36, P < 0.001] and right inferior frontal
cortex and insula [ROI 5, r = −0.22, P < 0.05; t(123) = 3.53, P < 0.01].
The activation size at the left caudate nucleus and thalamus
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Figure 3. ROI-based Pearson correlation analyses. Seven ROIs surviving the stringent voxel-level P < 0.001 FWE threshold in the all-participant homophone > font
activation map were selected. Pearson correlations between age and (a) BOLD signal activity, (b) activation cluster size, (c) GM density, and (d) WM density at each
of the seven ROIs are shown in columns (a)–(d), respectively. Columns (e) and (f ) respectively show Pearson correlations of BOLD signal activity with GM density and

WM density. Pearson correlations between Chinese character reading performance and BOLD signal activity, activation cluster size, GM density and WM are shown,
respectively, in columns (h) to (j). In each scatterplot, a fit line was added by using a local regression (LOESS) method (Epanechnikov kernel, 80% of points to fit, 95%
confidence intervals).
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Figure 3. Continued.

(ROI 4) showed a significant difference between children and
adults, with children having a larger activation size than adults
[t(123) = 2.40, P < 0.05], but the correlation coefficient failed to
reach significance (r = −0.10, P = 0.28). Activation size correlated
significantly with character reading at four ROIs: the left mid-
inferior frontal regions (ROI 1, r = −0.21, P < 0.05), medial frontal
cortex and SMA (ROI 2, r = −0.32, P < 0.001), left caudate nucleus

and thalamus (ROI 4, r = −0.25, P < 0.01), and right inferior frontal
cortex and insula (ROI 5, r = −0.21, P < 0.05).

Development of GM density at the seven ROIs showed
nonlinear decreasing patterns similar to those reported by
Sowell et al. (2003) (see Fig. 3c). GM density at six ROIs
showed significant negative correlations with age and were
significantly different between children and adults (two-tailed,
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Figure 4. ROI-based independent-samples t-tests on four brain measures: (a) BOLD activity, (b) activation cluster size, (c) GM density, and (d) WM density between
children and adults. Columns (a)–(d), left panels, across all participants; right panels, the sample matched on character performance and homophone decision accuracy
score.

Holm–Bonferroni corrected at P < 0.05). These ROIs included
the left mid-inferior frontal regions [ROI 1, r = −0.79, P < 0.001;
t(123) = 11.50, P < 0.001], medial frontal cortex and SMA [ROI 2,
r = −0.74, P < 0.001; t(123) = 9.68, P < 0.001], left FG and striate–
extrastriate cortices [ROI 3, r = −0.56, P < 0.001; t(123) = 6.24,
P < 0.001], left caudate nucleus and thalamus [ROI 4, r = −0.34,

P < 0.001; t(123) = 5.80, P < 0.001], right inferior frontal cortex
and insula [ROI 5, r = −0.73, P < 0.001; t(123) = 9.20, P < 0.001],
and left SPL [ROI 6, r = −0.75, P < 0.001; t(123) = 12.00, P < 0.001].

Children had a larger GM density in the right caudate nucleus
and putamen (ROI 7) than adults [t(123) = 3.15, P < 0.005], but
the correlation coefficient failed to reach significance (r = −0.16,
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Table 4 Independent-samples t-tests between children and adults on (a) BOLD activation, (b) activation cluster size, (c) GM density, and (d) WM
density in the seven ROIs across (1) all participants and (2) the character reading and homophone decision accuracy-matched sample

(a) BOLD activation (b) Activation cluster size (c) GM density (d) WM density

t statistics P value t statistics P value t statistics P value t statistics P value

(1) All participants (60 children and 65 adults)
ROI 1 activation 3.96 < 0.001 1.93 = 0.056 11.50 < 0.001 −6.40 < 0.001
ROI 2 5.37 < 0.001 4.36 < 0.001 9.68 < 0.001 −5.06 < 0.001
ROI 3 2.51 = 0.013 -0.09 = 0.929 6.24 < 0.001 −3.97 < 0.001
ROI 4 4.90 < 0.001 2.40 = 0.018 5.80 < 0.001 −8.03 < 0.001
ROI 5 5.25 < 0.001 3.53 = 0.001 9.20 < 0.001 −6.01 < 0.001
ROI 6 0.04 = 0.971 -0.91 = 0.364 12.00 < 0.001 −2.44 = 0.016
ROI 7 3.60 < 0.001 1.24 = 0.216 3.15 = 0.002 −8.38 < 0.001
(2) The sample matched on character reading and homophone decision accuracy (24 children and 24 adults)
ROI 1 activation 2.26 = 0.028 0.82 = 0.417 7.07 < 0.001 −5.06 < 0.001
ROI 2 2.30 = 0.026 1.79 = 0.080 5.00 < 0.001 −4.94 < 0.001
ROI 3 0.17 = 0.868 -0.68 = 0.501 3.66 < 0.001 −2.58 = 0.013
ROI 4 1.70 = 0.097 0.10 = 0.925 1.93 = 0.060 −6.56 < 0.001
ROI 5 1.89 = 0.065 0.99 = 0.328 5.27 < 0.001 −4.47 < 0.001
ROI 6 -0.56 = 0.581 -0.36 = 0.724 7.08 < 0.001 -2.00 = 0.052
ROI 7 0.80 = 0.429 -0.46 = 0.645 0.67 = 0.504 −7.16 < 0.001

ROI 1: the left mid-inferior frontal regions. ROI 2: the medial frontal cortex and SMA. ROI 3: the left fusiform gyrus and striate–extrastriate cortices. ROI 4: the left
caudate nucleus and thalamus. ROI 5: the right inferior frontal cortex and insula. ROI 6: the left SPL. ROI 7: the right caudate nucleus and putamen t statistics in bold
print are statistically significant after Holm–Bonferroni correction at P < 0.05.

P = 0.09). GM density also showed small yet significant negative
correlations with character reading at six ROIs: the left mid-
inferior frontal regions (ROI 1, r = −0.22, P < 0.05), medial frontal
cortex and SMA (ROI 2, r = −0.21, P < 0.05), left FG and stri-
ate–extrastriate cortices (ROI 3, r = −0.21, P < 0.05), left caudate
nucleus and thalamus (ROI 4, r = −0.39, P < 0.001), left SPL (ROI 6,
r = −0.30, P < 0.001), and right caudate nucleus and putamen (ROI
7, r = −0.24, P < 0.01).

The WM density correlated positively with age and character
reading at six ROIs, including the left mid-inferior frontal regions
(ROI 1, r = 0.45, P < 0.001 for age and r = 0.26, P < 0.005 for character
reading), medial frontal cortex and SMA (ROI 2, r = 0.35, P < 0.001
for age and r = 0.21, P < 0.05 for character reading), left FG and
striate–extrastriate cortices (ROI 3, r = 0.22, P < 0.05 for age and
r = 0.31, P < 0.001 for character reading), left caudate nucleus and
thalamus (ROI 4, r = 0.49, P < 0.001 for age and r = 0.33, P < 0.001
for character reading), right inferior frontal cortex and insula
(ROI 5, r = 0.44, P < 0.001 for age and r = 0.26, P < 0.005 for character
reading), and right caudate nucleus and putamen (ROI 7, r = 0.52,
P < 0.001 for age and r = 0.35, P < 0.001 for character reading). WM
density was significantly different between children and adults
in all the seven ROIs, with adults having higher WM density than
children (see Table 4).

Functional differences across ages could reflect either mat-
urational changes or performance differences (Schlaggar et al.
2002). Because children generally have a slower response rate
and lower performance accuracy than adults, we created one
subset of children and adults who were matched on their in-
scanner behavioral performance (accuracy in the homophone
and font size judgment tasks) as well as out-of-scanner char-
acter reading performance to better control for these perfor-
mance effects (24 children and 24 adults; Table 1). Average BOLD
contrast estimates, activation cluster size, and GM and WM
density in the seven ROIs were extracted and computed to see
whether age differences could still be observed between the
two performance-matched subgroups (Fig. 4, Tables 3 and 4).

BOLD activation remained moderately correlated with age in
the left mid-inferior frontal, medial frontal cortex/SMA, and
right inferior frontal cortex and insula (ROI 1, r = −0.31, P = 0.03;
ROI 2, r = −0.29, P = 0.043; ROI 5, r = −0.33, P = 0.02) and differed
between children and adults in the left mid-inferior frontal and
medial frontal cortex/SMA [ROI 1: t(46) = 2.26, P = 0.028; ROI 2,
t(46) = 2.30, P = 0.026], but these differences did not survive Holm–
Bonferroni correction. Brain activity or activation cluster size in
other ROIs did not significantly correlate with age and were not
different between the two age groups. GM density in five ROIs
remained significantly different between children and adults
and correlated with age [ROI 1, t(46) = 7.07, P < 0.001, and r = −0.79,
P < 0.001; ROI 2, t(46) = 5.00, P < 0.001, and r = −0.71, P < 0.001; ROI
3, t(46) = 3.66, P = 0.001, and r = −0.58, P < 0.001; ROI 5, t(46) = 5.27,
P < 0.001, and r = −0.69, P < 0.001; ROI 6, t(46) = 7.08, P < 0.001, and
r = −0.72, P < 0.001]. WM density in all ROIs except the left SPL
(ROI 6) remained significantly different between children and
adults (ROI 1, r = 0.55, P < 0.001; ROI 2, r = 0.49, P < 0.001; ROI 4,
r = 0.61, P < 0.001; ROI 5, r = 0.49, P < 0.001; ROI 7, r = 0.63, P < 0.001),
but only ROIs 1, 2, 4, 5, and 7 remained significantly correlated
with age (Table 3).

BOLD activity and GM density were moderately correlated
across all participants in the left mid-inferior frontal regions
(ROI 1, r = 0.34, P < 0.001), medial frontal cortex/SMA (ROI 2,
r = 0.40, P < 0.001), left caudate nucleus and thalamus (ROI 4,
r = 0.27, P < 0.005), and right inferior frontal cortex and insula
(ROI 5, r = 0.36, P < 0.001) but not in the left FG and striate–
extrastriate cortices (ROI 3, r = 0.18, P < 0.05), left SPL (ROI 6,
r = 0.06, P = 0.48), or right caudate nucleus and putamen (ROI
7, r = 0.16, P = 0.07) (Table 5). When controlling for character
reading and in-scanner performance, no correlation remained
statistically significant after Holm–Bonferroni correction.
Thus, BOLD activation and GM density were generally weakly
correlated, even though both showed a decreasing trend (except
caudate nucleus and left superior parietal regions) across the
human lifespan. In addition, BOLD activity did not correlate
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Table 5 Strengths of the endogenous and modulatory connectivity between the four brain regions among the adult group and the children
group (in Hz)

Endogenous connectivity Modulatory connectivity

From From

To OCC FUS SPL MFG OCC FUS SPL MFG

Adults OCC — 0.04 0.03 — — 0.04 −0.02 —
(0.98) (0.95) (0.63) (0.56)

FUS 0.03 — 0.00 0.01 −0.02 — −0.05 0.10
(0.96) (0.58) (0.70) (0.55) (0.62) (0.77)

SPL 0.01 0.02 — 0.01 0.02 0.23 — −0.06
(0.77) (0.86) (0.74) (0.58) (0.92) (0.69)

MFG — 0.02 0.02 — — 0.19 0.00 —
(0.86) (0.80) (0.88) (0.50)

Children OCC — 0.02 0.01 — — 0.01 −0.01 —
(0.82) (0.77) (0.52) (0.55)

FUS 0.02 — 0.01 0.03 0.00 — −0.01 −0.01
(0.89) (0.70) (0.93) (0.51) (0.55) (0.54)

SPL 0.02 0.01 — 0.02 0.03 — — −0.01
(0.80) (0.60) (0.89) (0.59) (0.52)

MFG — 0.02 0.01 — — −0.05 0.00 —
(0.84) (0.68) (0.64) (0.38)

The number in the parentheses represents the probability value associated with the connectivity parameter. The modulatory connectivity from FUS to SPL is missing
in the children group as family 1 won (the ventral pathway–only family).

significantly with WM density in any of the seven ROIs after
Holm–Bonferroni correction, across either the whole sample or
the performance-matched sample. These results suggest that
regional cortical activation is not determined solely by age or
biological structure but is a function of the level of skill.

While children and adults used the same brain network
to process Chinese text, changes in connections among the
specialized brain regions may be observed between the two age
groups. We computed effective connectivity between cortical
areas traditionally associated with reading Chinese using DCM.
Following the findings of Xu et al. (2015), who reported that
Chinese visual word recognition engaged a ventral pathway,
with information flowing from the occipital cortex (OCC) to the
left fusiform gyrus (FUS), then to the left SPL, and, finally, to the
left middle frontal gyrus (MFG), we selected these four regions
to compute effective connectivity: the left occipital cortex (OCC,
x = −28, y = −94, z = −4), left fusiform gyrus (FUS, x = −44, y = −58,
z = −16), left superior parietal region (SPL, x = −28, y = −66, z = 44),
and left mid-inferior frontal regions (MFG, x = −44, y = 16, z = 26).
Time series of the ROIs (sphere of 6 mm) of each subject were
extracted by searching for the subject-specific maxima within
a sphere of 8 mm centered at the abovementioned coordinates
with a mask of the homophone > font size contrast at a liberal
threshold of P < 0.05 uncorrected (cf., Xu et al. 2015). We were
able extract the time series of all four regions from 75 partic-
ipants (61%), and the DCM analysis was performed for these
participants only. To increase the power of analysis, we grouped
grade 1 and grade 4 participants together in the child group
and grouped all the adults in the adult group. The child group
consisted of 15 grade 1 and 26 grade 4 children, while the adult
group consisted of 18 younger and 16 older adults.

We aimed to test how visual information is propagated from
the occipital cortex (OCC) to a higher-level language processing
area (MFG). We assumed that information would first enter
the reading network from the OCC and would pass to the MFG

from the FUS, either directly or by passing through the SPL.
All four regions were interconnected, but there was no direct
connection between the OCC and MFG to reduce the model
space (Xu et al. 2015). This resulted in five pairs of forward–
backward intrinsic connections (Fig. 5A). The models were then
generated by either including or excluding the modulatory
effects of homophone judgment on each connection, which
gave a total of 2∧10 = 1024 models. We classified the models
into four families according to the presence of modulatory
effects on the ventral (FUS to MFG) pathway and the dorsal
(FUS to SPL) pathway. Family-level random-effects BMS and
Bayesian model averaging on the winning family were then
conducted. The evidence of each family is reported as the
exceedance probability (xp), which measures the probability
that one family is more likely than the other families to
simulate the group data. The exceedance probabilities of
the families of the models are summarized in Fig. 5B. The
endogenous and modulatory connectivity parameters of the
two groups are summarized in Table 5. The endogenous con-
nectivity parameters represent context- or task-independent
coupling between brain regions, whereas the modularity
connectivity parameters represent task-dependent connections
(Friston 2011).

Among the child group, the ventral pathway–only family
won, with the highest xp of 0.43. The family in the second place
was the family with both pathways (xp = 0.29). This result shows
that the ventral pathway from the fusiform gyrus to the mid-
inferior frontal area is evident among children. In adults, the
family with both pathways best modeled the data (xp = 0.68).
Both adults and children had a relatively strong forward endoge-
nous connection from the occipital region to the fusiform gyrus,
as expected (0.03 and 0.02 Hz, respectively). Adults were found
to have a strong connection from the fusiform gyrus (0.04 Hz)
and the SPL (0.03 Hz) back to the occipital region. Children
were found to possess a backward connection from the middle
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Figure 5. (A) Families of DCM models. The short arrows pointing at OCC represent the input of the effects of the experimental condition (homophone judgment). Thick
arrows in families 1–3 represent the presence of the modulatory effects of the experimental condition. Apart from the two connections designated for family partition,
all the other connections are allowed to be switched on and off for modulatory effects. This results in 28 = 256 models in each family. (B) The xp of each family in the

adult and children group.

frontal region to the fusiform gyrus (0.03 Hz). The positive values
of the endogenous parameters indicate that the couplings are
excitatory in nature. Strong modulatory effects of homophone
judgment were found in the FUS to SPL (0.23 Hz) and FUS to MFG
(0.19 Hz) pathways in adults, which showed that reading Chinese
enhanced information flow from the fusiform gyrus to both the

inferior middle frontal regions and the SPL. Children, in contrast,
did not show a clear pattern of modulatory connectivity, given
the relatively lower probability values of the parameters. We did
not attempt to directly compare the parameters of adults and
children because the winning families are different across the
two groups.
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Discussion
This is the first study to examine the developmental changes
in reading-related brain activations across the lifespan. Three
key findings have been reported here. First, overlapping neu-
roanatomical systems were identified in participants of differ-
ent ages, although differential degrees of activity were observed.
This pattern of results is intriguing because it indicates that very
early Chinese readers, at age 6–7, already use the same cortical
network to recognize visual words as adults. Second, functional
activities in the reading-related cortical sites identified in this
study were either negatively correlated or were not correlated
with age, and age differences diminished when reading perfor-
mance was matched between the two age groups. In contrast,
GM and WM density differed significantly between the two age
groups, and GM density correlated negatively with age in most
ROIs except the bilateral caudate regions, whereas WM density
correlated positively with age in all but the left SPL, regardless
of whether reading performance was controlled. These findings
suggest that cortical activity is not determined by biological
structure, per se, but is also determined by proficiency level in
word decoding, with the BOLD activity in the left mid-inferior
frontal and medial frontal cortex/SMA being moderately cor-
related with GM density. Third, connectivity patterns between
cortical areas associated with reading were different in children
and adults. This finding shows that the neural development of
reading is evident in changes in connections among specialized
regions, supporting the interactive specialization account.

Consistent with previous findings (Siok et al. 2003, 2004;
Tan et al. 2005; Xue et al. 2005; Wu et al. 2012), this study
shows that syllable-level reading processing is subserved by a
brain network including the left mid-inferior frontal regions (BAs
9/44/45/47); left precentral gyrus (BA 6); right inferior frontal
gyrus (BA 47); bilateral insula and superior medial frontal regions
(BAs 6/8); dorsal anterior cingulate gyrus (BA 32); left SPL (BA 7);
left cuneus (BA 17); left fusiform gyrus (BA 37); bilateral lingual
gyrus (BAs 18/19); and subcortical regions such as the caudate
nucleus, putamen, thalamus, and cerebellum. Importantly, the
left temporoparietal regions, covering the left posterior supe-
rior temporal gyrus, angular gyrus, and supramarginal gyrus,
which are responsible for phonemic, rule-based analysis and
auditory-visual cross-modal mapping processes (Booth et al.
2003; Turkeltaub et al. 2003; Pugh et al. 2005), are not involved
in Chinese reading in either beginners or fluent readers. Our
findings lend more support to the experience-based theory of
cortical regional specialization, which assumes that a special-
ized region emerges because of the specific tuning of neurons
to shape features (e.g., word or character stroke patterns) as a
function of skill/experience (Bedny 2018), thus leading to cultur-
ally specific reading systems (Coltheart 2004; Siok et al. 2004).
The fact that children and adults used the same neural network
suggests that brain regions are co-opted to support the compu-
tation of features unique to a writing system, and this process
starts right at the beginning of reading acquisition. Future stud-
ies may also include diffusion tensor imaging to examine the
development of structural connectivity of the Chinese reading
network and if structural connectivity determines functional
connectivity (cf., Carreiras et al. 2009; Saygin et al. 2012, 2016;
Srihasam et al. 2014; Osher et al. 2016).

In alphabetic scripts, both regressive (reduced brain activity
with age) and progressive (increased brain activity) changes in
the neural network for reading have been reported. Regressive
changes are mostly found in the right posterior brain regions,

including the right inferior temporal sulcus, right precuneus,
and right fusiform gyrus (Turkeltaub et al. 2003); the right
superior temporal regions (Booth et al. 2002, 2003, 2004); and
a few regions in the left hemisphere, such as the left extrastriate
cortex (Schlaggar et al. 2002; Brown et al. 2005), left mid-
superior temporal cortex, and medial frontal/anterior cingulate
gyrus (Brown et al. 2005). Progressive changes, however, have
been reported mainly in the left perisylvian language regions,
including the left mid-inferior frontal regions (Schlaggar et al.
2002; Gaillard et al. 2003; Turkeltaub et al. 2003; Booth et al. 2004;
Brown et al. 2005), left superior frontal gyrus (Turkeltaub et al.
2003; Brown et al. 2005), posterior cingulate gyrus (Turkeltaub
et al. 2003; but see Brown et al. 2005, who found regressive
change in this region), left middle temporal regions (Turkeltaub
et al. 2003), left angular gyrus (Booth et al. 2004), and left
supramarginal gyrus (Brown et al. 2005). This pattern of left–
progressive, right–regressive change is in line with Orton’s
lateralization theory of reading development, which postulates
that successful reading is contingent upon the disassociation of
right visual percepts from the left language regions (Orton 1925;
cf. Turkeltaub et al. 2003) and is supported by empirical findings
showing that the degree of left lateralization is a positive
function of age (e.g., Holland et al. 2001; Brown et al. 2005;
Szaflarski et al. 2006; but see Gaillard et al. 2003). This pattern is
also in line with the neuronal recycling hypothesis (Dehaene
2009), which postulates that successful reading acquisition
relies on accommodation in the perisylvian language regions.
This pattern of developmental change, however, is not observed
for reading Chinese. The neural network for Chinese reading
processing mostly shows regressive changes. One possible
interpretation of this difference is that our participants
represented a much larger age span while previous studies
tested participants aged 6–44 years old. Another possibility is
that the pattern of neurodevelopment may be constrained by
language and task type. In our study, written Chinese words
were employed in a phonology-based judgment task. Chinese
characters are read via a memory retrieval process based on
“objects” (characters) and their component features, and thus,
learning experience practices this rote retrieval and makes it
increasingly automatic (Xue et al. 2006; but see Cao et al. 2010).
In a phonological task in alphabetic languages, reading is based
on the learning of letter–sound conversions and is rule-based.
The reading system, thus, heavily relies on the spoken language
system.

In conclusion, our findings show that the cortical network for
Chinese reading deviates from that used for alphabetic reading,
even from the beginning stages of reading acquisition, and this
divergent pattern continues throughout the whole lifespan. Our
finding that functional activity and gray and WM density are
weakly correlated constitutes a challenge to the structural-
based hypothesis of the cortical specialization of cognition,
which assumes that structure determines function. When skill
level, as indexed by performance accuracy, is controlled for, as
in this study, there is a weak or no association between brain
activity and age. It seems that similar brain regions may be
involved in reading in children and adults, but the activity in and
connections between these regions are modulated by reading
proficiency. Learning experience, instead of pre-existing brain
structures, determines reading acquisition. Future research
should examine whether and how experience and brain
structure interact to determine the development of the cortical
regions for reading.
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