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Abstract Chinese, as a logographic language, fundamen-
tally differs from alphabetic languages like English.
Previous neuroimaging studies have mainly focused on
alphabetic languages, while the exploration of Chinese
reading is still an emerging and fast-growing research field.
Recently, a growing number of neuroimaging studies have
explored the neural circuit of Chinese reading. Here, we
summarize previous research on Chinese reading from a
connectomic perspective. Converging evidence indicates
that the left middle frontal gyrus is a specialized hub region
that connects the ventral with dorsal pathways for Chinese
reading. Notably, the orthography-to-phonology and
orthography-to-semantics mapping, mainly processed in
the ventral pathway, are more specific during Chinese
reading. Besides, in addition to the left-lateralized lan-
guage-related regions, reading pathways in the right
hemisphere also play an important role in Chinese reading.
Throughout, we comprehensively review prior findings and
emphasize several challenging issues to be explored in
future work.
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Introduction

Reading is a complex skill used to obtain information by
literate humans. Specifically, reading includes word and
text reading. For word reading, mental procedures consist
of early visual processing, orthographic processing,
extracting phonological and semantic information from
the mental lexicon, and accessing meaning [1—4]. Based on
word recognition, text reading additionally requires indi-
viduals to make metalinguistic decisions about isolated
words or characters, which not only necessitates a dynamic
integration of vision, visual attention, eye movements, and
linguistic processes of the visual stimuli presented but also
involves attendant perceptual, memory, and reasoning
processes [5—7]. Based on the long history of behavioral
experiments with normal and neurologically impaired
readers, some cognitive models have been proposed to
simulate reading based on the dissociation of different
cognitive processes, such as the dual-route model and the
connectionist model [8-11]. Based on these models,
neuroimaging methods and experimental paradigms have
been applied to explore the underlying neurocognitive
mechanisms for each cognitive process, especially visual
word recognition [1, 12]. Consequently, brain regions
centered on the left ventral occipitotemporal cortex, left
inferior and middle frontal gyrus, and left superior and
middle temporal cortices have been found to be consis-
tently recruited by reading across different writing systems
[13—15]. However, the depiction of the neural basis of the
hierarchical coding and transformation across the different
cognitive processes during reading remains a challenge
[16]; the characterization of neural circuits for reading is
mostly inferred empirically [15].

Recently, researchers found that for a brain region, the
accomplishment of its specific functions depends on its
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embedding in the brain connectome [17-20]. The brain
connectome refers to the characterization of structural or
functional connectivity patterns through the combination of
non-invasive neuroimaging techniques and graph theoret-
ical approaches. These approaches have been widely
applied to investigate the topological organization of
interconnections between neural elements (i.e., nodes)
[18, 21]. Nodes usually refer to imaging voxels, or regions
of interest defined by functional or structural similarity
[22, 23]. Structural connections can be constructed as
diffusion magnetic resonance imaging (MRI)-traced white
matter projections or by computing the covariance of
morphological features (e.g., cortical thickness and gray
matter volume) [24, 25]. Functional connections can be
obtained by examining synchronous neural activity over
distributed brain areas with signals recorded by functional
MRI (fMRI), electroencephalography/magnetoencephalog-
raphy (EEG/MEG), or functional near-infrared spec-
troscopy [26, 27]. After network construction, graph
theory-based analysis methods are used to evaluate the
topological organization [21, 28, 29]. Notably, exploring
the brain connectome of reading could help us not only to
better interpret the complex interacting cognitive processes
but also reveal the underlying neural circuit for reading.

Writing systems exist for the sole purpose of represent-
ing spoken language and vary in how their visual forms
represent units of spoken language [30, 31]. The world’s
writing systems can be mainly divided into three types:
alphabetic, such as English, syllabic, such as Japanese
Kana, and logographic, such as Chinese [32]. The alpha-
betic writing system, whose grapheme is composed of a
letter or digraph of letters, encodes spoken units at the level
of the phoneme [33]. The syllabic system uses basic
operational graphic units to encode speech syllables, and
Japanese Kana is one of the purest examples [31]. The
logographic system, whose grapheme consists of strokes
and radicals that fit into a square space, represents spoken
language in terms of syllable and morpheme, thus often
called the morpheme-syllabic system [31]. Notably, logo-
graphic systems use symbols to represent meaning directly
and have no and comparatively few cues to pronunciation,
whereas alphabetic and syllabic systems use symbols to
represent speech sounds [34]. Thus, the main discrepancies
between these different systems are in the level of
linguistic analysis to which their basic functional units
relate [31, 35-38].

Each Chinese character is associated with a syllable and
a meaning [31]. The stroke is the smallest visual unit of
Chinese characters and the number and position of strokes
within characters are critical for recognition [39]. Different
from letters in alphabetic languages, there is no systematic
mapping relation between strokes and segments; that is,
strokes do not contain any phonological and semantic
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information nor incorporate orthography-to-phonology
mapping clues. But radicals, which consist of strokes,
have various orthographic patterns and can provide phono-
logical or semantic cues for the whole character [40, 41].
Nevertheless, the pronunciation of a character cannot be
computed sound-by-sound from its constituent parts [32].
Thus, the orthography-to-phonology conversion for Chi-
nese character recognition is accessible only by recourse to
direct retrieval of phonological information stored in the
mental lexicon [42]. Notably, as a morphologically non-
inflectional language, Chinese does not have syntactic
markers or features, and neither does it have a rigid word
order, so Chinese syntax is inherently dependent on
semantics [43, 44].

Therefore, the exploration of neurocognitive mecha-
nisms underlying Chinese reading provides evidence for
both the universality and specificity of linguistic mecha-
nisms. Currently, cognitive and neuroimaging studies are
largely focused on alphabetic writing systems, while
exploration of the Chinese system is relatively lacking.
Until recently, many studies have been conducted to
investigate both the cognitive models and the neural
mechanisms of Chinese reading by applying various
methods and experimental paradigms, while the findings
remain inconclusive. In addition, although several meta-
analytic studies have been conducted on the neuroimaging
findings of Chinese reading, a review on Chinese reading
from a connectomics perspective is still lacking.

In the connectomics framework, the brain can be
modeled as a network comprising neural elements or brain
regions (i.e., nodes) and their pairwise interactions (i.e.,
connections/edges) [45, 46]. The nodes are typically
defined by using a prior anatomical/functional parcellation
or regions of interest identified by functional imaging
studies [47]. The connections can be defined by either
structural connectivity, which is defined by structural or
diffusion MRI, or functional interaction which is defined
by functional MRI, between network nodes [47]. Based on
the constructed brain networks, general organization prin-
ciples like the modular, small-world, and heavy-tailed can
be scaled with graph-theory analysis methods [48]. Here,
we summarize and review the relevant findings and
challenges concerning the brain networks for Chinese
reading, especially its neural mechanisms with respect to
the specific linguistic properties of Chinese characters.
First, we introduce the important element, nodes, for the
establishment of the specific brain reading connectome, by
summarizing the functional identification of cortical areas
involved in Chinese reading, including word recognition
and reading comprehension. Then, we review the findings
on connections, the other important element for brain
language network construction. Given that structural
connections constrain functional connections, we review



W. Guo et al.: The Brain Connectome for Chinese Reading

1099

the findings on the characterization of structural and
functional connections for Chinese reading. After the
network construction, we review the topological organiza-
tion evaluations of the brain connectome for Chinese
reading based on graph-theory analysis methods. Finally,
we discuss future perspectives in this field.

Node Identification for the Chinese Reading
Connectome

Valid node identification is critical for estimates of true
network interactions [49]. The nodes in imaging connec-
tomics should represent distinct, functionally homogeneous
neural elements or brain regions, and are defined by the
four most common methods: (1) voxel-based, (2) random,
(3) anatomical, and (4) functional [47, 50]. The first is to
treat each voxel as a separate node, which results in very
large, high-resolution networks (>104), but this method
may yield a noisy or underpowered estimate of brain
network properties [47, 50]. The second is to randomly
parcellate the brain into discrete nodes of similar size, at
various resolutions, and with unclear validity [50]. The
third is based on a prior anatomical parcellation, such as
the Anatomical Automatic Labeling (AAL) template [50].
The last is based on prior functional information identified
in functional imaging studies, such as the coordinates of
peak activations or meta-analytic results [50]. Therefore,
the definition of nodes in function-specific studies, such as
decision making and language, are mostly based on regions
of interest centered on stereotaxic coordinates identified in
functional neuroimaging studies [47].

Over the past decades, functional neuroimaging and
electromagnetic techniques such as positron emission
tomography (PET), fMRI, MEG, and EEG have been
widely used to explore brain activity during language
processing, and these data can be used to identify nodes for
the brain reading network [13]. Among these, fMRI is a
very popular method that measures hemodynamic
responses in the brain through the blood-oxygenation-
level-dependent (BOLD) signal, a ratio of oxygenated
versus deoxygenated hemoglobin in given regions. Using
task- and resting-state fMRI, researchers have identified the
specific brain activation patterns for Chinese word recog-
nition as well as text reading.

Regions for the Orthographic Processing of Chinese
Reading

Orthography refers to the information stored in memory or
mental lexicon that informs us how to represent oral
presentation in written form. Thus, orthographic processing
is a dynamic practice of extracting the invariant, abstract

structural representation from the surface structures of
written words and is regarded as an antecedent stage of
word recognition, providing information for subsequent
processing steps such as phonological transformation [51].

Unlike the linear sequence of letters combined into
words in alphabetic languages, Chinese characters consist
of strokes and radicals in a square spatial configuration
[12]. The visual complexity of Chinese characters places
greater cognitive demands on visuospatial analytic skills
than other orthographic systems and involves holistic
processing [52]. Although many prior studies have
revealed that the left middle fusiform gyrus (FG), named
the visual word form area (VWFA), is involved in
extracting the orthographic information of written words
across different writing systems despite orthographic
differences [13, 53-56], several recent studies have iden-
tified specific neural mechanisms for the orthographic
processing of Chinese characters.

Specifically, although alphabetic writing systems mainly
activate the left FG, Chinese character recognition tends to
elicit activity in the bilateral FG [33, 42, 57-60]. Tan et al.
found that activation in the right FG is stronger than in the
left FG, revealing right lateralization [59]. Moreover, Guo
and Burgund supposed that the left FG stores information
in terms of parts and their relationships, while the right FG
stores information holistically [61]. Comparing reading
Chinese characters and English words, the right occipital
gyrus is activated only in Chinese word reading, which is
related to holistic visual-orthographic analysis [62].

In addition to the occipital cortex, recent studies have
found that the left middle frontal gyrus (MFG) and left
posterior temporal cortex are also associated with ortho-
graphic processing using lexical decision tasks during
Chinese character recognition [58, 63]. Specifically, the left
MFG in reading Chinese is associated with the unique
square configuration of the logographeme. The function of
the left posterior temporal cortex is involved in the active
retrieval of the orthographic architecture of Chinese
characters. In addition, a set of right hemisphere cortical
areas, such as the right frontal pole, frontal operculum,
dorsal lateral frontal gyrus, and superior and inferior
parietal lobules, is involved in orthographic processing
both in semantic and homophonic judgment tasks [59].
Among these brain areas, the right frontal and parietal
regions are proposed to perceive the spatial locations of the
strokes and the processes of stroke combinations. The right
MFG is also thought to be relevant to orthographic
processing and specifically involved in visual working
memory and attentional load [64]. Nevertheless, some
studies still indicated that the neural network underlying
naming a single Chinese word is left-lateralized, and brain
activations relevant to orthographic processing are noted in
the left extrastriate areas (lateral inferior/middle occipital
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gyrus), left basal temporal cortex, and left superior
temporal region [65, 66].

Notably, focusing on the development of Chinese
reading, Cao er al. suggested that the right superior parietal
lobule and right inferior temporal gyrus are associated with
orthographic processing [67]. The right superior parietal
lobule is involved in visual spatial analysis in mental
rotation and the shifting of spatial attention, and the right
inferior temporal gyrus is involved in nonlinguistic visual
configuration processing. In addition, the authors indicated
that with development, the involvement of the right
superior parietal lobule increases, while the involvement
of the right inferior temporal gyrus decreases.

To summarize, the left middle occipital gyrus, left
ventral occipitotemporal cortex, left superior temporal
gyrus, and left MFG are involved in orthographic process-
ing (Fig. 1). Particularly, in line with the specialized
linguistic properties of Chinese characters, the right middle
occipital gyrus, right ventral occipitotemporal cortex, right
inferior parietal lobule, right superior parietal lobule, dorsal
part of the right inferior frontal gyrus (IFG), and right MFG
are activated more in Chinese than in alphabetic languages
during orthographic processing. However, whether the
Chinese VWFA is left-lateralized, right-lateralized, or
bilateral has not been conclusively established.

Orthographic processing
@® Semantic processing

Syntactic processing

@ Orthographic, phonological, semantic and syntactic processing

Fig. 1 Identification of nodes for the Chinese reading connectome.
The bilateral middle occipital gyrus (MOG) and ventral occipitotem-
poral cortex (vOT), right inferior parietal lobule (IPL), right superior
parietal lobule (SPL), and right middle frontal gyrus (MFG) are
involved in orthographic processing. The left angular gyrus (AG) and
ventral part of the left inferior frontal gyrus (VIFG) are involved in
semantic processing. The left middle temporal gyrus (MTG) and left
anterior temporal lobe (ATL) are involved in syntactic processing.
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[ ] Orthographic and phonological processing

Phonological and syntactic processing

Regions for the Phonological Processing of Chinese
Reading

Phonological processing transforms the abstract structural
representation from orthographic processing to its abstract
phonological form and maps onto its phonology, deemed a
subsequent stage of orthographic processing [51]. Although
different cognitive models of word recognition have
different views on how the three sets of processing units
(orthography, phonology, and semantics) interact with each
other, it has been consistently hypothesized that phono-
logical processing can be dissociated into two stages:
orthography-to-phonology mapping and general phonolog-
ical access [68].

According to the orthographic differences between
alphabetic and logographic scripts, cognitive models have
hypothesized that these two writing systems have distinct
depth and consistency in their phonological clues during
visual word recognition. Specifically, the mapping between
orthography and phonology is more transparent and
consistent in alphabetic languages such as Italian and
English but extremely opaque and less consistent in
Chinese characters with weak phonological clues (mor-
phemic reading) [36, 62, 69, 70]. Therefore, the orthogra-
phy-to-phonology conversion of alphabetic scripts relies

. Language-universal

. Language-specific for Chinese reading

@ Phonological and semantic processing

The left supramarginal gyrus (SMG), left superior temporal gyrus
(STG), and dorsal part of the right inferior frontal gyrus are involved
in orthographic and phonological processing. The dorsal part of the
left inferior frontal gyrus (dIFG) is involved in phonological and
syntactic processing. The left SPL and left IPL are involved in
phonological and semantic processing. The left MFG is involved in
orthographic, phonological, semantic, and syntactic processing. L, left
hemisphere; R, right hemisphere.
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more on the sublexical route, which involves assembling
the phonology associated with the whole word from its
sublexical parts (sequential reading), whereas the phono-
logical access of Chinese characters relies more on the
lexical route involved in retrieving phonology directly
from the orthography of the whole character [13].

Recent functional neuroimaging studies with various
experimental paradigms, such as reading aloud [58],
reading silently [65, 71, 72], homophone judgment
[51, 59], and lexical decisions [57, 73], have been used
to investigate the orthography-to-phonology conversion
and phonological processing for Chinese reading. The
former three tasks explicitly require the orthography-to-
phonology transformation, while lexical decision tasks do
not necessarily require such transformation [72]. Task
studies that are theoretically involved in the orthography-
to-phonology transformation proposed that the left (pre)-
motor cortex, left superior temporal lobe, bilateral inferior
frontal cortices, left temporoparietal region (superior
parietal gyrus and supramarginal gyrus), left temporal—
occipital junction, left MFG, bilateral inferior prefrontal
cortex, and left medial prefrontal lobe are involved in the
orthography-to-phonology mapping in naming Chinese
[58, 59, 72, 74, 75]. For instance, one fMRI study
suggested that the posterior dorsal part of the mid-inferior
frontal regions and the left inferior parietal lobule are
associated with phonological processing, especially when
involved in orthography-to-phonology mapping, by apply-
ing parallel rhyming and meaning association judgment
tasks [75]. In addition, a lifespan fMRI study on reading
Chinese words identified seven activation clusters in the
homophone task, including the left mid-inferior frontal
regions, the medial frontal cortex, supplementary motor
area, and left FG, and the striate-extrastriate cortices, the
left caudate nucleus and thalamus, right inferior frontal
cortex and insula, left superior parietal lobule, and right
caudate nucleus and putamen [74].

However, most neuroimaging studies of Chinese reading
cannot dissociate the orthography-to-phonology mapping
and general phonological processing due to limitations of
the methodology and temporal resolution of fMRI. Three
meta-analytic studies consistently proposed that the phono-
logical processing of Chinese characters recruits the left
inferior parietal lobule, the more posterior dorsal part of the
left IFG, and the left MFG, which differ from the areas
recruited by the phonological processing of alphabetic
words [15, 33, 42]. Consistently, a Chinese reading study
by Cao et al. focused on the phonological deficits of
Chinese children with dyslexia, and they found that
Chinese dyslexia was impaired in the dorsal part of the
left IFG [76].

To summarize, the left supramarginal gyrus, left supe-
rior temporal gyrus, dorsal part of the left IFG, left superior

parietal lobule, left inferior parietal lobule, and left MFG
are involved in phonological processing (Fig. 1). Hence,
consistent with the differences between Chinese and
alphabetic languages on addressed and assembled phonol-
ogy, neuroimaging studies have found that the left MFG is
more involved in addressed phonology during Chinese
character recognition, whereas the left temporoparietal
areas are more relevant to assembled phonology during
alphabetic word reading [33, 42]. In addition, in line with
the assumptions of the cognitive models of Chinese word
recognition [36, 77], especially the identification-with-
phonology hypothesis that places phonology as a con-
stituent of word recognition, these neuroimaging findings
have indicated that phonological information is indeed
processed during Chinese character recognition.

Regions for the Semantic Processing of Chinese
Reading

Prior work has indicated that reading acquisition builds on
spoken language, which is already well developed before
learning to read [78, 79]. Once a written word is decoded
phonologically, its meaning becomes accessible through
the existing phonology-to-semantics correspondence in the
spoken language system [67, 79, 80]. In this sense, the
neural basis of semantic processing in reading should be
more consistent than that of orthographic processing and
phonological processing across different writing systems.
In the literature on English and Chinese word reading, it
has been consistently shown that the left frontal gyrus
contributes to semantic processing [57, 81, 82].

Previous fMRI studies in Chinese reading suggested that
the left MFG, bilateral inferior and middle prefrontal gyri,
bilateral frontal pole, and precentral (motor) gyri are
activated in both word generation and semantic decision
tasks [57, 59]. In addition, in the semantic decision task,
the left and right superior parietal lobules and inferior or
postcentral parietal gyri are significantly activated [59]. By
applying a semantic association task, Dong et al. also
demonstrated that the ventral part of the left IFG and the
right parietal and frontal networks are involved in semantic
processing [63]. In addition, the results of this study
supported the hypothesis that the anterior ventral part of the
left IFG is associated with semantic processing, while the
posterior dorsal part is related to phonological processing.

The left angular gyrus has also been considered a critical
area for semantic processing in word reading, particularly
for lexical-semantic processing [83]. In Chinese reading,
the left angular gyrus indicates a function of integration
between the orthographic input and the meaning [14]. It
has been shown that the left angular gyrus is more active
for Chinese characters than for Chinese pinyin scripts [84].
Both types of the script can convey meaning and sound,
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whereas more orthographic processing is engaged when
reading characters than in alphabetic-like pinyin scripts.
Therefore, additional activity in the left angular gyrus for
Chinese characters compared with the activity noted for
Chinese pinyin reflects the processing of mapping from
orthography to meaning.

A point that needs explicit discussion is that these
studies are largely task-dependent, and it is difficult to
dissociate the neural substrates underlying these three
language-processing components by applying current
experimental paradigms and traditional methodologies.
Therefore, it is necessary to introduce more elaborate
experimental designs and methodologies to investigate the
relationships between specific language-processing com-
ponents and neural bases. For instance, although the left
middle FG has been consistently regarded as the VWFA,
two new fMRI studies using the representational similarity
analysis (RSA) method have suggested that the left middle
FG not only influences orthographic representations but
also represents phonological and semantic processing
[85, 86]. In addition, a recent study indicated that the
VWFA is a key site for subserving general semantic
processes linking words and meaning by spoken and
written word comprehension and production tasks (i.e.,
listening, speaking, reading, and writing) [87].

Overall, the left angular gyrus, ventral part of the left
IFG, left superior parietal lobule, left inferior parietal
lobule, left MFG, and right inferior frontal gyrus are
involved in semantic processing (Fig. 1). Although the
linguistic features of Chinese characters differ significantly
from those of alphabetic languages such as English,
consistent neuroimaging findings have shown that the
ventral part of the left IFG is involved in the semantic
processing of both writing systems.

Regions for the Syntactic Processing of Chinese
Reading

Given that syntax is a set of rules that guide the
combination of words into phrases and sentences based
on their syntactic category information, only reading
comprehension comprising phrase and sentence reading
involves syntactic processing [88]. Reading comprehension
integrates information at different levels through an online
cognitive process [89]. Specifically, sentence comprehen-
sion requires the engagement and coordination of word
recognition, lexical access and retrieval, syntactic parsing
based on word category and morphosyntactic information,
semantic integration, and pragmatic inferencing among
other processes. However, in the adult brain, the semantic
and syntactic domains are dissociable both in terms of their
neuroanatomical localization and in terms of the time
windows at the last stage of language comprehension [90].
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Hence, a critical question in the cognitive neuroscience of
language is whether semantic and syntactic processing
involve distinct cortical regions. In addition, unlike alpha-
betic languages, Chinese has limited morphosyntax and a
lack of agreement between sentential arguments [91].
Thus, the syntactic status of a Chinese word can be more
context-dependent derived from semantic information so
that syntax and semantics are not always clearly demar-
cated [88]. In general, due to the difference between
Chinese and English in syntax and semantics, research in
Chinese will expand our knowledge of the universality and
specificity of the neural mechanisms underlying syntactic
and semantic processing.

To test whether semantic and syntactic processing in
Chinese involve distinctive brain structures, Luke et al.
conducted the first neuroimaging study comparing seman-
tic and syntactic processing during Chinese phrase com-
prehension [88]. Their study found that the cortical regions
involved in the syntactic processing of Chinese phrases are
consistent with the cortical regions relevant to semantic
processing, including the left mid-inferior frontal and mid-
superior temporal cortices. In addition, they indicated that
the left MFG is more involved in syntactic processing and
that the left inferior prefrontal gyrus and mid-superior
temporal gyrus are more relevant to semantic processing.
Nevertheless, this study hypothesized that syntactic pro-
cessing is less dependent on reading Chinese than on
reading English and that it heavily interacts with semantic
processing.

Following the study of Luke et al., Wang et al.
examined the cortical activations of syntactic and semantic
processing during Chinese sentence reading to test whether
any brain region is specialized in syntactic processing in
Chinese by applying a different experimental paradigm
[92]. In contrast with the implications of Luke’s study, they
suggested that the left IFG (BA44) is uniquely involved in
syntactic processing in Chinese sentence reading, which is
consistent with the literature on alphabetic languages. This
implies that there are some common neural substrates
underlying syntactic processing across different writing
systems. By comparing brain activation patterns when
reading sentences, unstructured word lists, and unstruc-
tured character lists in Chinese, Bulut ef al. also indicated
that reading Chinese sentences involves a common net-
work including the left anterior temporal regions and left
IFG, as when reading alphabetic languages [91]. In
addition, the independent role of the left IFG on syntactic
processing was also found during the syntactic processing
of Chinese classifier phrases and sentences [93-95]. More
recently, an fMRI study investigated the neural basis of
Chinese syntactic representation by using a syntactic
priming paradigm [96]. They revealed syntactic repetition
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suppression effects in the left temporal pole, left IFG, and
left precentral gyrus.

In conclusion, the left middle temporal gyrus, left
anterior temporal lobe, dorsal part of the left IFG, and left
MFG are engaged in syntactic processing (Fig. 1). In
addition, the left IFG may be a common region involved in
syntactic processing across different languages. In this
sense, there is a common distributed network of syntactic
processing during reading comprehension, indicating that
the language function at the higher level is more language-
general. Although many EEG studies found that syntactic
processing is independent of semantic processing during
Chinese sentence comprehension (e.g., [97, 98]), given that
research on the neural mechanisms underlying Chinese
syntax is quite limited, whether and to what extent Chinese
syntax is independent of semantics is still hotly debated.

Taken together, converging evidence indicates that the
bilateral middle occipital gyrus, bilateral ventral occipi-
totemporal cortex, left angular gyrus, left supramarginal
gyrus, bilateral superior and inferior parietal lobule, left
middle and superior temporal gyrus, left anterior temporal
regions, dorsal part of the left IFG, ventral part of the
bilateral IFG, bilateral frontal pole, bilateral middle
prefrontal gyri, and bilateral MFG construct the neural
circuit for Chinese reading (Fig. 1). Notably, converging
findings have shown that the left MFG, which is involved
in the integration of orthography, phonology, semantics,
and syntax, is an important region for Chinese character
recognition. The functional identification of these brain
regions allows us to define the nodes of the Chinese
reading connectome and to further construct the reading
networks and explore the relevant topological organization.

Characterization of the Connections for the Chi-
nese Reading Connectome

For the harmonious functioning of segregated brain
regions, efficient information exchange among regions
through white matter fiber systems is vital. Notably,
functional networks reflect the architecture of coupling
connections, whereby structural connections may provide
the neural basis for the accomplishment of functional
connectivity [18]. Given that reading constitutes a complex
multifaceted process involving visual and linguistic com-
ponents, it is not surprising that it activates distributed and
distant cortical regions. Thus, fluent reading not only
requires adequate activation of the relevant cortical areas
but also adequate communication between these areas [99].
The structural and functional connectivity of the brain
connectome for reading reflecting interactions between
language-related brain regions serves as the neural sub-
strate for the phylogeny and ontogeny of reading.

Structural Connections for Chinese Reading

White matter fiber tracts connecting the language areas
ensure efficient signal transmission between distant cortical
regions, and anatomical connectivity also provides neuro-
biological bases for functional connectivity. Until recently,
postmortem and lesion studies of white matter pathways
have identified the anatomical basis of connections
between reading-related cortical areas [99]. Currently, the
application of diffusion tensor imaging (DTI) offers the
possibility to reconstruct white matter pathways via
tractography and examine white matter properties nonin-
vasively in humans. The major white matter pathways that
connect reading-related cortical areas are the arcuate
fasciculus (AF, part of the superior longitudinal fasciculus),
the inferior fronto-occipital fasciculus (IFOF), and the
inferior longitudinal fasciculus (ILF) [99].

As discussed above, due to the vast differences in
alphabetic languages (e.g., English) and logographic lan-
guages (e.g., Chinese character), in recent decades, neu-
roimaging studies have identified common cortical regions
for reading across different writing systems as well as
cortical regions that are specific for alphabetic or logo-
graphic languages. Previous studies found that the left
ventral occipitotemporal cortex, anterior part of the supe-
rior temporal gyrus, and superior posterior part of the IFG
are involved in orthographic processing, phonological
identification of word form, and semantic processing
across different writing systems [33, 100, 101]. However,
Chinese character recognition might elicit additional
involvement of the right occipitotemporal cortex and the
left MFG [15, 33, 59, 102, 103]. It has been shown that the
major hubs within the structural network are highly
correlated with the major activation foci [18]. In addition,
stimulus configurations and learning experiences might
influence anatomical connections [18]. Therefore, investi-
gation of the structural networks of Chinese reading can
not only elucidate the basic neural mechanisms of logo-
graphic languages but also expand the findings on the
structural networks for reading. Given that the relevant
neural mechanisms underlying anatomical connections in
the Chinese population are still largely unexplored, here,
the systematic introduction of relevant studies as shown in
Table 1, although very few, is necessary for future studies.

As the most important language-related pathway, the AF
has been investigated for >200 years [99], and it has been
consistently demonstrated that the AF connects Broca’s
area and Wernicke’s area [104—107]. Based on the previous
findings conducted on native readers of alphabetic lan-
guages, the AF has been suggested to subserve the dorsal
phonological route (i.e., connecting the left IFG and the left
temporoparietal cortex) [17, 99]. In alphabetic language
populations, there is still confusion about the
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Table 1 Overview of studies on the structural connections for Chinese reading.

Studies Subjects number (age: year) Modality Methods

Qiu et al., 24 (6.8-7.9); 27 (18.6-26.1) DTI Tract-based spatial statistics
2008 [108] (TBSS)

Qiu et al., 24 (6.8-7.9); 27 (18.6-26.1) DTI DTI-tractography
2011 [109]

Han et al. 76 patients with brain damage (20-76); 51 healthy control (26-72) DTI DTI-tractography; Brain-be-
2013 [116] havior analysis

Shu et al., 72 (234 £ 3.7) DTI DTI-tractography; graph the-
2015 [112] ory analysis

Suetal.,2018 79 (4-14) DTI DTI-tractography

[113]

Su et al., 2018
[114] 11.1)

Wang et al., 24 children with dyslexia (9-11); 22 healthy control (9-11) DTI
2019 [118]

Wang et al., 67 patients with brain injury (19-70, mean age: 46); 51 healthy control (2672, DTI
2020 [117] mean age: 50)

Li et al., 2021
[119]

84 patients with brain injury (mean age: 44.65)

18 children with dyslexia (mean age: 11.1); 22 control children (mean age: DTI

DTI-tractography
DTI-tractography

DTI-tractography; Leison-
behavior analysis

DTI Network-based lesion-symp-
tom mapping method

Qi et al., 2016 17 children with reading difficulties (mean age: 11.8); 17 control children Structural Graph theory analysis
[134] (mean age: 11.6) MRI
(sMRI)
Mao et al., 17 poor reading children (mean age: 11.2); 14 age-matched control (mean age: sMRI Graph theory analysis

2021 [135]

11.3); 11 reading-matched control (mean age: 9.2)

subcomponents of the AF and to which cortical regions
these subcomponents are connected. Different DTI studies
have differentiated the segments of the AF, such as
twofold, threefold, or fourfold divisions (for a detailed
review on the AF, see [17, 99]). For the Chinese
population, until the past decade, several studies have
investigated the relationship between white matter matu-
ration and Chinese reading by using tract-based spatial
statistics and probabilistic tractography of DTI [108-110].
With Chinese reading development, prior studies found
prominent and asymmetrical changes in the left AF, which
connects the frontal lobe to other brain regions
[108, 109, 111]. Consistently, Shu et al. also revealed the
leftward asymmetry of the AF in both micro- and macro-
structural properties [112]. In addition, two recent studies
by Su and colleagues have suggested that the AF-direct
(connecting the IFG with the superior temporal gyrus) and
AF-posterior (connecting the inferior parietal cortex with
the superior temporal gyrus) have a significant correlation
with reading development and developmental dyslexia by
using the fiber tractography method [113, 114]. Specif-
ically, Su and colleagues examined the effect of long-term
vocabulary development on the structure of the AF, and
reported a significant association between Chinese chil-
dren’s vocabulary development and the left AF-direct and
AF-posterior pathways [113]. Furthermore, Su et al.
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investigated whether Chinese children with dyslexia show
a white matter disruption pattern similar to the alphabetic
population with dyslexia [114]. They found reduced
fractional anisotropy in the left AF-direct pathway for
children with dyslexia, indicating that the disrupted
integrity of the left AF-direct pathway is a universal
characteristic of dyslexia. Basically, the left AF in the
dorsal pathway is associated with phonological processing
and may be a language-general pathway.

With regard to the ventral pathway of Chinese reading,
the left ILF and IFOF are the main white matter tracts
associated with orthographic and semantic processing,
respectively [99, 110, 115, 116]. In children with dyslexia,
Su and colleagues reported reduced fractional anisotropy in
the left ILF, which is associated with morphological
processing skills [114]. They also suggested that the
disrupted integrity of the left ILF may be more specific
to Chinese individuals. Furthermore, one lesion-behavior
mapping analysis study, which investigated the correlations
between the integrity of major tracts and orthographic
ability, suggested a vital role of the left ILF in orthographic
processing [117]. In addition, Qiu et al. found the
asymmetrical changes in the right ILF during Chinese
reading development [108]. However, it is still under
debate whether the structure of the left IFOF is
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significantly correlated with developmental dyslexia or
Chinese character recognition [113, 114, 118].

More recently, to establish a reading-related global
subnetwork, Li and colleagues revealed that the left AF,
ILF, and IFOF are the white matter pathways connecting
reading-related brain regions such as the left inferior
occipital gyrus, middle temporal gyrus, superior temporal
gyrus, triangular part of IFG, middle occipital gyrus,
supramarginal gyrus, and superior parietal lobe in Chinese
brain-damaged patients by using a network-based lesion-
symptom mapping method [119]. Moreover, the global
reading subnetwork that they revealed is left-lateralized.

In summary, the AF, IFOF, and ILF have been
suggested to be the dorsal and ventral pathways of Chinese
reading in the left hemisphere (Fig. 2). The leftward
asymmetry of the reading subnetwork may reflect the
anatomical substrate of language-related functional later-
alization of the human brain. In addition, the corpus
callosum has been proposed to integrate visual information
generated from the bilateral occipital cortex during Chinese
character recognition [118, 120]. However, due to limited
research, the picture of the neural substrate underlying the
structural networks in the Chinese population is not very
clear. Prior work has mainly examined the correlation
between white matter changes and reading ability or
development and put less attention on the details about
which brain regions are connected by those white matter
pathways, particularly the left ILF and IFOF.

Phonological pathway

Sy
Semantic pathway ) /
hway
. _nic pa
Orthogrép\h|cp =

/

Fig. 2 Structural connections for Chinese reading. The left arcuate
fasciculus (AF) in the dorsal pathway, which connects the frontal lobe
to the temporoparietal cortex, is associated with phonological
processing. The bilateral inferior longitudinal fasciculus (ILF) is
associated with orthographic processing which is language-specific

Functional Connections of Chinese Reading

Over the past decades, functional neuroimaging has
become a predominant technique for investigating the
brain’s functional architecture and operational principles
[121]. As an effective method of revealing the temporal
synchronization of functionally-related brain areas, resting-
state functional connectivity (RSFC) analysis has been
used to investigate the connection between the visual
stream and reading-related areas and to analyze the
correlation between the RSFC and reading competence.
Although research on the interaction of distributed brain
areas for reading is limited, more recently, several studies
have investigated the neural pathway of Chinese reading by
using fMRI data (Table 2).

Prior studies of alphabetic languages have shown that
visual word recognition involves both ventral and dorsal
neural pathways, corresponding to the ventral ‘what’
stream and the dorsal ‘where’ stream in the dual-route
theory [122]. However, the role of the ventral and dorsal
pathways in Chinese reading is still under debate. On the
one hand, two studies have consistently revealed that the
ventral pathway is more involved in Chinese word
recognition [4, 123]. Specifically, one effective connectiv-
ity (EC) study investigated the multiple pathways model of
reading Chinese and they indicated that it is the ventral
pathway from the visual system to the left ventral
occipitotemporal cortex but not the dorsal pathway from
the visual system to the left parietal region that is engaged

Arcuate fasciculus (AF,long)
Inferior longitudinal fasciculus (ILF)

Inferior fronto-occipital fasciculus (IFOF)

Corpus callosum (CC)

Orthographic pathway

OI'[ 73
O,
“hic g th
wa %

for Chinese reading (bold italic). The left inferior fronto-occipital
fasciculus (IFOF) is associated with semantic processing. The corpus
callosum (CC) is proposed to integrate visual information generated
from the bilateral occipital cortex.
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Table 2 Overview of studies on the functional connections for Chinese reading.

Studies Subjects number (age: year) Modality Methods

Xu et al., 2015 18 (17-23) Task-fMRI Effective connectivity
[123]

Liu et al., 2018 17 (19-28); 16 (11-13) Task-fMRI Graph theory analysis
[132]

Zhou et al., 2018 20 (mean age 22.5) Task -fMRI Effective connectivity
(4]

Zhou et al., 2021 32 (mean age 23.8); 42 (mean age 10.2) Task-fMRI Graph theory analysis

[133]
Wang et al., 32 (20-26)
2012 [125]
Li et al., 2013 20 (20-25); 18 (10-11)
[124]
Zhang et al., 43 (19-24)
2014 [126]
Zhou et al., 2015 21 dyslexic children (mean age 12); 26 control
[130] children (mean age 12)

Zhou et al., 2016
[5]

Li et al., 2017
[127]

44 (mean age 22)

26 (18-28); 26 (10.55-12.60)

Resting-state fMRI Functional connectivity

Task-fMRI; resting-
state fMRI

Resting-state fMRI

Functional connectivity; amplitude of low
frequency fluctuation

Resting-state functional connectivity

Resting-state fMRI Functional connectivity

Resting-state fMRI Functional connectivity; effective

connectivity

Resting-state fMRI Functional connectivity; Granger causality

analysis

in Chinese character recognition [123]. Furthermore,
another EC study on word recognition in Chinese indicated
that while the dorsal visual pathway is mainly involved in
eye-movement control, the ventral visual pathway is
engaged in orthographic processing and orthography-
phonology mapping [4].

On the other hand, some studies have suggested that the
dorsal pathway is highly engaged in Chinese reading by
analyzing the correlation between RSFC and reading skills
[124-126]. Specifically, a recent resting-state fMRI study
investigated the role of intrinsic interregional connections
during Chinese reading by correlating RSFC maps con-
taining nine Chinese reading-related seed regions with the
reading competence of Chinese native speakers. The results
revealed that Chinese reading competence is positively
correlated with the connectivity between the left occipital
gyrus and left superior parietal lobule, between the right
posterior FG and right superior parietal lobule, and
between the left inferior temporal gyrus and left inferior
parietal lobule [125]. In addition, one study applied RSFC
and Granger causality analysis to investigate the relation-
ship between intrinsic couplings of the VWFA with the
spoken language network and reading competence in
Chinese children and adults and found that suppressed
connections of the left supramarginal gyrus with the
VWFA (i.e., the dorsal pathway) facilitate Chinese reading
in developed readers [127].

More recently, several neuroimaging studies on Chinese
text reading have adopted the dual-route theory to
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investigate the principles of information processing in the
brain [5]. Zhou et al. showed that there is significant
functional connectivity (FC) and EC among the left MFG,
the left intraparietal sulcus, and the VWFA in both reading-
driven fMRI and resting-state fMRI [5]. In addition, this
study revealed dual top-down effects from the left MFG to
both the dorsal region [e.g., the left intraparietal sulcus
(IPS)] and the ventral region (e.g., the left VWFA). In other
words, the left MFG is proposed to be a region of
convergence of the dorsal and ventral visual systems
during text reading. In addition, recent fMRI studies in
Chinese text reading have indicated that brain areas in the
dorsal pathway (e.g., the left MFG and IPS) are of great
importance in visuospatial attention or eye movements
when reading an entire sentence [128, 129]. Accordingly,
the VWFA and the left IPS are central nodes for the ventral
and dorsal reading pathways, respectively [130]. In addi-
tion, researchers have concluded that dorsal areas such as
the left MFG and the IPS are responsible for eye
movements and the coordination between subprocesses of
text reading [5]. Therefore, recent neuroimaging studies of
text reading have suggested that on the one hand, the dual-
route visual systems play different roles in word reading
and text reading; and on the other hand, the left MFG is a
central region that connects the dorsal visual pathway with
the ventral visual pathway. Notably, neuroimaging studies
on Chinese text reading are still very limited, and more
research is needed to investigate the neural mechanisms of
text reading in detail.
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Overall, converging studies have focused on the func-
tional localization of Chinese reading; however, less
attention has been focused on the neural pathways of
Chinese character recognition. Particularly, due to the
limitation of the temporal resolution of MRI and spatial
resolution of EEG, combined neuroimaging and EEG
methods, as well as MEG and intracranial methods that
have a high spatiotemporal resolution, need to be applied to
explore language processing, especially the functional
networks of language. For example, an intracranial EEG
study investigated whether high-level lexical information is
involved in early visual word-form processing using a
lexical decision task, and they identified directional
connectivity from the high-level linguistic regions to the
left ventral occipitotemporal and occipital cortices [131].
Hence, this study provided direct supportive evidence for
the Chinese reading network with direction. In general, the
functional connections of Chinese reading can be coarsely
summarized, as shown in Fig. 3.

Topological Organization Estimation of the Chi-
nese Reading Connectome

As described in the introduction, by using various graph-
theoretic approaches, the global topological organization of
a complex system can be quantified and hence provide
important clues about the global and local information
communication through an integrative network [21, 45].
However, to our knowledge, only a few studies have
investigated the brain networks of Chinese reading from a
connectomic perspective.

[

vOT

Fig. 3 Functional connections for Chinese reading. The green arrows
indicate the dorsal pathways. The orange arrows indicate the ventral
pathways.  vOT, ventral occipitotemporal cortex; TPC,

As discussed above, in the literature, the neural network
underlying word reading has been determined through
reading-relevant brain regions or white matter tracts,
mainly based on MRI data. Specifically, a large-scale
functional brain network study using graph theoretical
analysis showed that healthy adults rely more on visual-
orthographic processing, whereas children rely more on
auditory phonological processing during word reading
[132]. A similar shift from reliance on phonology-related
networks to semantics- and vision-related networks with
age has also been reported for text reading [133]. In
addition, this study suggested that transmission to vision-
related brain circuits enhance reading performance in
adults, whereas phonology-related brain circuits play
important roles in children’s reading before they develop
into fluent readers.

Based on cortical thickness and surface area, two MRI
studies have investigated large-scale structural networks in
Chinese children with dyslexia or poor reading ability. One
study focused on the abnormal development of structural
connectivity in dyslexic individuals, and they indicated a
more bilateral, anteriorly-connected structural network in
Chinese dyslexia [134]. Specifically, compared to typically
developing children, in the cortical thickness network,
reading disabled children showed reduced nodal network
properties in the left hemisphere along with enhanced
nodal properties in the right hemisphere, while in the
surface area network, reading disabled children demon-
strated lower nodal properties in the posterior brain regions
and higher nodal properties in the anterior brain regions.
Another study by Mao et al. investigated the neural
topological organization of the language network in

_______ Language-universal

Language-specific for Chinese reading

\
\
1
STG !
|
1
A

vOT

temporoparietal cortex; STG, superior temporal gyrus; IFG, inferior
frontal gyrus; MFG, middle frontal gyrus.
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Chinese children with poor reading ability during an
auditory thyming task and a visual spelling task, and they
found an aberrant topological organization in poor readers,
as the opercular part of the left IFG forms deficient
functional segregation and the bilateral superior temporal
gyrus shows higher nodal efficiency [135].

Given that reading is a high-level cognitive ability, both
regional brain activity and dynamic inter-regional commu-
nication within a large-scale brain connectome play a
crucial role during reading. Over the past three decades,
functional identification of Chinese reading, especially
visual word recognition, has been studied based on various
experimental stimuli and paradigms as well as distinct
methodologies. However, research on the characterization
of the Chinese reading connectome is still quite limited,
thus the interaction of functional systems and neural
systems remains unclear.

Concluding Remarks and Future Directions

We reviewed the brain connectome of Chinese reading
based on evidence from previous studies on the functional
identification, and the structural and functional networks
that provide the neural basis for understanding Chinese
reading. In addition, we comprehensively reviewed this
important emerging field, and highlighted important impli-
cations for the language-universal and -specific neural
basis across different writing systems. However, the study
of Chinese reading is still in its infancy. Significant
scientific questions remain to be addressed, including the
complete characterization of reading-related brain regions
as well as their connections with each other; and how the
developmental language system changes as well as their
interactions with genetic and environmental factors.
Language is a complex ability that requires the brain to
process multiple heterogeneous types of information.
Characterizing the complete function of related brain
regions remains challenging. The most typical method
applied in task fMRI studies is linearly fitting the
experimental stimulus and the hemodynamic activities of
brain voxels. However, shortcomings remain, such as the
generalization of findings and the multifunctionality of a
single region. New data-analytical frameworks have been
developed to solve these problems [136—138]. The voxel-
based encoding and decoding models have been comple-
mentarily used to investigate what sensory, cognitive, or
motor information is represented in the brain. Specifically,
the voxel-based encoding model can provide a complete
functional description of a brain region, which is impos-
sible for decoding models, whereas the decoding model can
test direct relationships between patterns of brain activity
and behavioral performance, which is also difficult for
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encoding models to achieve [136]. These novel models
have already been used to expand the understanding of the
neural basis for language processing, particularly for
natural language comprehension [139, 140]. Gallant and
colleagues created detailed semantic maps for the first time
by using the combined encoding and decoding model and
indicated that the semantic maps are independent of
sensory modalities (i.e., listening and reading). Predictive
models of brain activity are the gold standard of compu-
tational neuroscience and are thus critical for the long-term
advancement of neuroscience and artificial intelligence.
Therefore, it is important to decode brain activity, such as
internal speech. Multivariate methods such as RSA, as one
form of decoding, have been applied to investigate how our
brain represents the cognitive processes of language [136].
By correlating neural representational similarity matrices
with behavioral prediction matrices, RSA is able to better
decode information represented by the pattern of activity in
different cortical areas and detect fine-grained pattern
differences without eliminating information by averaging
[137]. Recently, RSA studies focused on word recognition
have indicated that the VWFA (i.e., the left ventral
occipitotemporal cortex) represents orthographic, phono-
logical, and semantic information, which challenges the
traditional VWFA hypothesis [85, 86, 141, 142].
Furthermore, language is a unique capacity of humans,
which distinguishes humans from other animals in essence.
Although the language system is complex with distinct
linguistic processes, we use language quite effortlessly.
The origin and genetic basis for language have aroused
multidisciplinary discussion for centuries. Recently, mod-
ern genetic tools have been applied to explore this
fascinating aspect of human beings, and the first identified
language gene [forkhead box p2 (FOXP2)] was finally
discovered in the field of molecular genetics [143, 144].
Specifically, mutation of FOXP2 has been identified in a
family with speech and language impairment involving
problems with controlling finely coordinated movement
sequences of the mouth, tongue, lips, and soft palate [145].
However, FOXP?2 is not a human-specific gene and is also
found in nonhuman primates, birds, and fish [146-148].
Hence, it is still inconclusive what the species-specific
differences in the regulation of expression are and how
animal models can help elucidate the biological mecha-
nisms involved in the evolution of language. In addition,
the FOXP2 gene has been shown to be involved in
susceptibility to other neurodevelopmental disorders with
symptoms of language impairment, such as autism and
schizophrenia [149, 150]. Nevertheless, the association
between FOXP2 rs10447760 and schizophrenia has not
always been reproduced in the Chinese Han population
[151-153]. Thus, large-scale genetic replication studies
with participants of different racial and geographic origins
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are required in the future. In addition to the FOXP2 gene,
linkage studies on several heritable language-related dis-
orders with various disabilities in speech or reading, such
as stuttering and developmental dyslexia, have identified
other language-related candidate genes [154—157]. For
instance, dyslexia susceptibility 1 candidate 1 (DYXICI)
and roundabout, axon guidance receptor, homolog 1
(ROBOI) have been identified as candidates for dyslexia
susceptibility by mapping translocation breakpoints to
known regions of interest [158, 159]. However, linkage
studies focused purely on candidate genes for language
disabilities may not resolve key questions about the
development of language. More recently, genome-wide
association (GWAS) studies, which explore millions of
common variants in the human genome, have been
conducted to investigate not only language-related disor-
ders but also language-related abilities in the general
population (see review [154]). Notably, the GWAS method
has been applied to investigate the genetic variations of
language functional networks, using resting-state fMRI
data from the UK biobank [160]. Although there has been
an explosion of research on the genetic basis of human
language, it is still inconclusive whether specific genes for
language exist across all populations.

The intricate inner mechanisms of the brain remain one
of the greatest mysteries defying resolution by contempo-
rary scientific inquiry [48]. We need to model and
characterize the interactions between scales and modalities
in future research. Brain structural networks define the
connectivity between neural elements based on physical
measures of neural wiring, such as synapses between
neurons and white matter tracts between brain regions,
whereas brain functional networks define connectivity
based on the similarity between the dynamics of two
neural elements [161]. Although structural networks con-
strain functional networks, the diverse functionality of the
brain derives from a fixed structure [162, 163]. Given that
the relationship between structural and functional brain
networks is non-linear and one-to-many, it is difficult to
characterize the brain’s structure-function relationship,
which is also one crucial topic of academic focus [162].

In general, the study of the brain connectome for
Chinese reading remains in its infancy. Significant scien-
tific challenges need to be addressed. Further elaboration of
the organizational principles of the brain language system
for Chinese reading and its development will significantly
aid in uncovering the biological mechanisms of language
processing.
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