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Abstract

Everyday social communication emphasizes auditory semantic processing. To
date, most studies of auditory semantic processing are mainly based on languages
with alphabetic writing systems like English, where character languages such
as Chinese are largely under-represented. Thus, the current study attempted to
investigate the auditory semantic neuro-network for the Chinese language using
fMRI. Twenty-three native Mandarin Chinese speakers were scanned while
performing an auditory semantic-tone task. Results indicate that the Chinese
auditory lexicosemantic network may involve the bilateral posterior superior
temporal lobes, the left middle frontal gyrus, the left ventral inferior frontal gyrus,
the anterior superior temporal cortex, the left middle temporal gyrus, and the left
occipito-temporal cortex. Within this Chinese auditory lexicosemantic network,
co-activity was observed between the right posterior superior temporal cortex and
frontal areas. This verifies the significance of the fronto-temporal connectivity in
the Chinese lexicosemantic network specifically in the auditory domain. Overall,
the current network is consistent with the classical language networks based
on alphabetic writing systems, but with features specific to Chinese. While the
left inferior parietal lobule underlying sublexical-level phonemic assembly may
not be involved in Chinese auditory lexicosemantic processing, the left middle
frontal gyrus is likely to be recruited for the sound-to-form mapping at the whole
character level. Taken together, the current study deepens our understanding of
how the linguistic and neurobiological representations interact during Chinese
auditory lexicosemantic processing.
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Introduction

One of the core processes in oral communication is understanding the
meanings of words expressed. It is particularly interesting to identify how the
brain processes the auditory semantic information in the Chinese language since
radicals carrying semantic cues in Chinese characters apparently do not aid in this
process. To our knowledge, this issue has only been investigated in four studies
published to date [1-4]. Based on a review of these studies, Chinese auditory
lexicosemantic processing involves the bilateral posterior superior temporal lobes,
the left middle frontal gyrus, the left ventral inferior frontal gyrus, the left anterior
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superior temporal cortex, the left middle temporal gyrus, and
the left occipito-temporal cortex. The current study will revisit
these four past studies and further elaborate on the Chinese
auditory lexicosemantic network using a neuroimaging study.

'The earliest neuroimaging investigation among these four
studies [3] found that the bilateral occipital-temporal cortices
(BA37) and the bilateral middle temporal gyri (BA21) had
greater activity when making auditory lexical decisions on real
disyllabic Chinese words (e.g., ‘414}"/tai4 yang2/ sun) than on
pseudowords (e.g., APA"/ling3 cun1/).Itis surprising to capture
the lexical effect in the bilateral occipital-temporal visual
cortices, as no visual word forms were physically presented.
'The authors thereafter argued that this finding would reflect
the automatic activation of Chinese visual characters when
corresponding phonological representations were activated. In
addition to the bilateral visual cortices, the bilateral middle
temporal gyri were also seen in the words > pseudowords
contrast. This possibly indicated the greater lexicosemantic
representations in real words than in pseudowords. Despite the
recruitment of the middle temporal gyrus, it was still difficult
to estimate to what extent this lexical decision task involved
semantic-related activation. As participants were not explicitly
required to make decisions based on the semantic quality of
the heard words, the pseudowords can be rejected simply due
to the unfamiliar phonology without the necessity to exploit
semantic-level processing [5]. Essentially, Xiao et al. [3] also
claimed that the focus of their study was on phonological
forms instead of semantic representations of two-character
Chinese words.

More recently, consistent findings are observed in two
studies (Liu et al., using similar task paradigms, where auditory
meaning relatedness judgment compared to tone baseline
evoked greater activations in the bilateral posterior temporal
lobes, the left occipito-temporal cortex [1-4], and the left
ventral frontal lobe. Both studies recognized the significance
of the left pars triangularis (ventral inferior frontal gyrus) in
Chinese auditory lexicosemantic processing. It has also been
interpreted in these two studies that the recruitment of the
left occipito-temporal cortex was driven by the interaction of
orthographic and phonological representations during spoken
Chinese word recognition. However, the statistical power of
the region-of-interest (ROI) results in Zou et al.’s study [4]
could be stronger if the ROIs were defined from separate
studies rather than from the same study.

In addition to regional activation patterns, interregional
connectivity network underpinning Chinese auditory
lexicosemantic processing was examined in Wu et al.’s study
[2] by using multivariate independent component analysis
(ICA). While the regional activation results observed in the
occipito-temporal cortex (right lingual gyrus, BA18) and the
left ventral frontal lobe (BA45/47) were consistent with Liu et
al’s [1] and Zou et al. [4], several strongly-connected networks
were identified within the extensive fronto-temporal cortex
when contrasting Chinese auditory semantic dangerousness
judgment (e.g., ‘FHi/shoud giangl/ gun) with a resting
baseline. This highlights the significance of the fronto-

temporal co-activation in Chinese auditory lexicosemantic

processing. However, it was also recognized by Wu et al.
[2] that the networks were extracted in a relatively broad
manner, without being further separated into more precise
sub-networks such as interlinks between two paired regions.
Nevertheless, this study broadens our understanding of the
complex neuro-mechanism underlying Chinese auditory
lexicosemantic processing, which is not only mediated by
isolated brain regions but also dependent on the interactions
of several areas in a parallel distributed hierarchy.

Apart from Wu et al’s study [2], most other studies
examining the effective/functional connectivity underlying
Chinese lexicosemantic processing utilize visually- rather
than aurally-presented tasks. For example, Fan et al. [6, 7] used
dynamic causal modelling (DCM) and found that semantic
relatedness judgment of visual Chinese characters appeared
to be modulated by several interregional connections. The
bidirectional connectivity between the left ventral inferior
frontal gyrus and the left middle temporal gyrus suggests
that the ventral inferior frontal gyrus may assist to retrieve
semantic knowledge stored in the left middle temporal gyrus,
while the connection from the left fusiform gyrus to the left
middle temporal gyrus signals the bottom-up influences
of orthography on semantic representations. It thus has
implications for the left middle temporal gyrus to serve as
an interface to integrate top-down controlled and bottom-up
automatic processes.

In addition to studies investigating task-based effective/
functional connectivity, the anatomical connectivity underlying
the Chinese semantic system has also been examined using
diffusion tensor imaging [8]. In this study, reduced fractional
anisotropy and greater lesion percentage in the left inferior
fronto-occipital fasciculus correlated with more severe semantic
deficits in Chinese patients, irrespective of factors such as the
input modality (visual vs. auditory), output modality (verbal
vs. non-verbal), patients’ overall cognitive state, whole lesion
volume, type of brain damage, and gray matter involvement.
'This indicates that the Chinese semantic system is likely to be
regulated by the inferior fronto-occipital fasciculus connecting
the posterior lateral temporal cortex to the frontal cortex and
underscores the significance of this fiber tract for semantic
processing in Chinese.

As mentioned earlier, there are limitations in these four
studies that have implications for the motivation of the
current investigation. For example, Xiao et al’s study [3]
utilized a lexical decision task that may not intensely engage
semantic network; the ROIs in Zou et al.’s study [4] were not
a priori but were defined using conjunction results in their
own study; limited studies investigated the ROI-to-ROI
functional connectivity underlying Chinese lexicosemantic
processing in the auditory modality. Given this, an empirical
investigation is needed to evaluate the Chinese auditory
lexicosemantic activations by employing a task that explicitly
requires semantic-based responses, and at the same time to
examine functional connectivity between a priori ROIs. To
achieve this, the current study utilized an fMRI data set,
where native Mandarin Chinese participants were required to
judge whether each aurally presented Chinese word denoted
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a living creature bigger than a cat. A priori regions of interest
(ROIs) were created based on the past four studies [1-4], and
functional connectivity between these ROIs was computed. It
is hypothesized that activations and functional connectivity
will be observed within the classical language networks that
include the bilateral posterior superior temporal lobes, the left
middle frontal gyrus, the left ventral inferior frontal gyrus,
the left anterior superior temporal cortex, and the left middle
temporal gyrus, as well as regions related to visual word forms,
the left occipito-temporal cortex within the fusiform gyrus.

Materials and Methods

Participants

An archival neuroimaging data set of 26 native speakers
of Mandarin Chinese was employed in this study. The study
was conducted in Taiwan and all participants used traditional
Chinese characters in their daily reading and writing. None
of them had a history of neurological diseases or psychiatric
disorders, and the participants had received 17.6 years of
education (SD = 2.2 years, range = 13-23 years) on average.
All participants gave informed consent approved by the
Institutional Review Board at National Taiwan University
Hospital before the experiment.

Three male participants were excluded due to poor image
quality. The remaining 23 right-handed participants (12
females; mean age = 25.7 years, SD = 4.2 years, range = 19-35
years; mean handedness score = 87.8, SD = 17.6, range = 42.8-
100) were included in data analysis.

Procedure

A blocked design auditory semantic-tone task, which was
adapted from Binder et al. [9], was applied in the present study.
In the semantic condition, the participants were instructed to
judge whether a heard disyllabic Chinese noun described a
living creature bigger than a cat. Two- instead of one-character
nouns were adopted to lessen the incidence of homophones
and then to avoid the potential semantic confusion arising
from irrelevant homophones. As a baseline, the tone condition
required the participants to determine whether there were two
high tones (750 Hz) amongst a sequence of three to seven
tones (either 250Hz or 750Hz).

After performing a ten-trial practice outside the scanner,
participants were administered the formal task in one run
while being scanned. The run consisted of ten 30s blocks
that alternated between the semantic condition and the tone
condition, forming five cycles each comprising one semantic
and one tone block (Figure 1). Each block had ten 3s trials. In
each trial, after an auditory stimulus was played, participants
were required to respond with a button press using their right

semantic semantic semantic semantic semantic

30s

30s
tone

tone tone tone tone

Figure 1: The condition sequence in the task run.

hand before the next trial started.

Image acquisition

The current experiment applied functional magnetic
resonance imaging (fMRI). This technology is non-invasive
and replicable with high spatial resolution down to millimeters
and fair temporal resolution within a few seconds. Given that
neural activity is accompanied by cerebral blood flow, fMRI
measures neural activity by detecting variations of the oxygen
level in blood. That is, when blood flow to a brain region
increases, the neural activity of this region is presumed to
increase accordingly.

Participants were scanned in a 3 Tesla Siemens Trio
MRI scanner with a 12-channel head coil at National Taiwan
University Hospital. The echo planar imaging (EPI) sequence
was used to obtain functional images: repetition time (TR) =
2000 ms, echo time (TE) = 24 ms, flip angle (FA) = 90 °, field
of view (FOV') = 240 mm, matrix size = 64 x 64, voxel size =
3.8 mm x 3.8 mm x 3.8 mm, slice thickness = 3.8 mm, and 34
axial slices aligned to the anterior-posterior commissure plane
with a total of 150 images per task. A T2-weighted image was
acquired with TR = 5920 ms, TE = 102 ms, FA = 150°, FOV
= 250mm, matrix size = 256 x 256, voxel size = 1 mm x 1
mm x 3.9 mm, slice thickness = 3.9 mm, and 34 axial slices.
A high resolution T1-weighted 3D Magnetization-Prepared
RApid Gradient-Echo (MPRAGE) whole-brain scan was
also acquired using TR = 1380 ms, TE = 2.6 ms, FA = 15°,
FOV =250 mm, matrix size = 256 x 256, and voxel size = Imm

x Imm x 1mm, slice thickness = 1 mm.

Image analysis

The neuroimaging data were subjected to a three-stage
pre-processing protocol [10] implemented in Statistical
Parametric Mapping 8 (SPMS8; Department of Cognitive
Neurology, London, UK). The first stage was conducted for
each participant, where all structural and functional images
were reoriented to an origin at the anterior commissure,
followed by a slice timing correction of the functional images
to the middle slice [11], a realignment of the functional images
to the first volume, a co-registration of the T1 MPRAGE
image to the mean functional image, and a segmentation
of the T1 MPRAGE image into gray matter (GM), white
matter (WM), and cerebrospinal fluid (CSF). This first stage
generated a GM template and a WM template for each
participant. The GM and WM templates from all participants
were superimposed together in the second stage, to generate
a group template and a flow field for each participant. The
group template and individual flow field were utilized for
the normalization and smoothing of each participant in the
last stage. Individual functional images and GM images were
normalized to Montreal Neurological Institute (MNI) space
and smoothed with a Gaussian kernel of 8 mm full-width
at half-maximum (FWHM). While the first pre-processing
stage went through conventional pre-processing, the second
and third stages underwent Diffeomorphic Anatomical
Registration using Exponentiated Lie algebra (DARTEL)
pre-processing instead for improved normalization [12-
13]. After the three stages of pre-processing, whole-brain
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activations in the semantic > tone contrast were obtained for
each participant using the first-level analysis in SPMS8. For
second-level analysis, group activation across all participants
was computed for the semantic > tone contrast using a one-
sample t-test.

In addition to the whole-brain analyses, ROIs were
also defined for the examination of the possible functional
connections between them. Based on the past four studies [1-
4], the left middle frontal gyrus, the left ventral inferior frontal
gyrus, the left anterior superior temporal gyrus, the left middle
temporal gyrus, the bilateral posterior superior temporal
gyri, and the left occipito-temporal cortices were selected as
a priori ROIs. The centre coordinates of these ROIs were
identified from a meta-analysis conducted by the first author
[14]. Using the MarsBaR toolbox [15], the ROIs of the left
posterior superior temporal gyrus, the right posterior superior
temporal gyrus, the left anterior superior temporal gyrus,
and the left occipito-temporal cortex were defined as 8mm
spheres, centred at (-58, -14, -2), (64, -6, -6), (-50, 14, -16),
and (-56, -54, -14), respectively. The ROIs of the left middle
frontal gyrus, the left ventral inferior frontal gyrus, and the left
middle temporal gyrus were defined as 8mm spheres, centred

at (-48, 24, 24), (-42, 36, -4), and (-60, -42, -2), respectively.

Functional connectivity between every pair of these
predefined ROIs was calculated in the semantic > tone
contrast by CONN 17b (https://www.nitrc.org/projects/conn)
implemented in SPMS8. ROI-to-ROI functional connectivity
indicates the level of linear association of the blood oxygen
level-dependent (BOLD) time series between each pair of
ROIs [16-17]. When distributed brain ROIs display strongly
correlated patterns of neural activity change, it is taken as
evidence that these ROIs are functionally connected [18]. After
‘setup’ and ‘denoising’ phases, the first (individual) level analysis
generates files for all the possible participant/condition/ROI
combinations. In the second (group) level analysis, by specifying
Fisher z-transformed correlation coefficient values for between-
condition and between-ROI contrasts, the corresponding
participant/condition/ROI files yielded in the first-level would
be extracted together for group-level correlation analyses
accordingly. It is believed that the ROI-to-ROI functional
connectivity represents the best approach to directly reveal
brain connectivity [19-20]. Here, our study utilized the most
updated version (17b) of the CONN toolbox at the time when
this analysis was conducted, where the component-based noise
correction (CompCor) method is implemented to improve the
analysis sensitivity, selectivity, and inter-scan reliability [21].

Results

Two out of the 23 participants had behavioural data
missing. Another two participants had only their practice
performance available, with above 70% accuracy for both of
them. Of the remaining 19 participants, 11 participants had
technical issues with the performance data recorded. They
had 10-50% trials with undefined ‘s’ responses rather than
the expected ‘yes’ or ‘no’ responses. This is presumably caused
by the task programming where the ‘yes’ and ‘no’ were not

exclusively set as the only two allowable response types, which
permitted some actual responses to be erroneously overwritten
by scanning pulses. Given this, the trials with s’ responses were
taken as missing trials rather than incorrect trials and then
were excluded from the actual computation of accuracy and
reaction time. In addition to the ‘s’trials, missing responses were
found in all the 19 participants that ranged from 6% to 56% of
the trials. However, the recorded trials (excluding the ‘s’ trials)
regardless of their correctness were verified to be distributed
throughout the entire run for each of the 19 participants,
indicating that these 19 participants were most likely engaged
in the whole run without being noticeably distracted until the
end of the run. The main purpose of collecting the behavioural
data was to make sure that the participants were engrossed in
the task during the whole scan session, which was not intended
to be used for data analysis. Thus, we conducted some data
checks below to ensure activation maps of the participants
with complete behavioural data recording did not difter from
those participants whose data were partially recorded.

Ten participants had more than 50% trials recorded and
an accuracy rate of higher than 70% in the recorded trials,
thus they were combined into one group, while the remaining
13 participants were taken as another group for having more
problematic behavioural data. An independent sample t-test
was conducted between the imaging data of these two groups,
and no significant difference in functional activations was
found between groups with a threshold of p < .001 uncorrected,
minimum of 20 voxels. This suggests that the 13 participants
with problematic response recordings are likely to be equally
involved in the semantic-tone task as with the ten participants
with better behavioural data quality, and thus their imaging
data could be a valid representation of the targeted semantic
aspect. In addition, the behavioural data was not needed for
the neuroimaging analysis. Therefore, all 23 participants were
included in imaging analyses to obtain a reasonable sample
size with adequate statistical power.

As illustrated in table 1 and figure 2, whole-brain
analysis of the 23 participants showed that the semantic >
tone condition induced greater cortical activations in the left
superior/medial frontal gyrus (BA8/10), the left supplementary
motor area (BA6), the right cerebellum (Crus I/1I), the left
middle occipital gyrus (BA19), the left superior parietal lobule
(BA7), the right superior temporal gyrus (BA38/48), the left
hippocampus, the left pars triangularis (BA48), the left middle
frontal gyrus (BA44/9), the left inferior temporal gyrus

Sensorimotor_

Figure 2: The whole-brain activation maps, p(FWE) < 0.05, cluster size
> 10 voxels.
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Table 1: Peak coordinates within the significant clusters of the whole brain
activation in the semantic > tone contrast.

. Cluster
Region BA | «x y z size T
Left superior frontal gyrus | 9,10 | -15 |53 | 34 |59 9.41
Left superior/medial
frontal gyri, Left 8,6 |-8 |27 |61 |% 7.94
supplementa_ry motor area
Right cerebellum (Crus I/II) | -- 42 | -68 | -34 | 32 8.39
Left middle occipital gyrus | 19 -30 | -76 | 38 |94 8.02
Left superior parietal 7 27 |22 a6 | 32 783
lobule
Right superior temporal 18 53 111 | -15 |11 794
gyrus
Left hippocampus - -27 | -11 | -11 | 28 7.81
Right superior temporal 43 61 |4 |- |16 768
gyrus
Left ventral 1T1fer10r f_rontal 43 46 123 127 |60 754
gyrus (pars triangularis)

Left middle frontal gyrus | 44,9 | -49 |15 |38 |27 7.09
Left inferior temporal 20 38 |23 |23 | » 73
gyrus
Left temporal fusiform gyrus | 20 -34 |-30 | -19 | 18 6.44
Left middle temporal gyrus | 21 -49 | -34 | -8 |16 6.95
Left ventral 1nf:er1or .frontal 47 34 119 |15 | 14 6.84
gyrus (pars orbicularis)
X, ¥, z coordinates: MNI space; BA: Brodmann Area; Cluster criterion:
p(FWE) < 0.05, cluster size > 10 voxels.

(BA20), the left temporal fusiform gyrus (BA20), the left
middle temporal gyrus (BA21), and the left pars orbicularis
(BA47), with a threshold of p(FWE) < 0.05 and cluster size
2 10 voxels. The relatively conservative threshold of p(FWE)
< 0.05 could diminish false-positive rates, while a cluster
extent threshold of 10 voxels may avoid false alarms of overly
small and unreliable effects. This threshold has recently been
demonstrated to be valid and has the potential to produce
replicable and dependable results [22, 23]. Corresponding
brain regions and Brodmann areas (BAs) of resulted
coordinates were identified using respective templates in the
MRlIcron toolbox (https://www.nitrc.org/projects/mricron) .

Significant functional connectivity in the semantic > tone
contrast was found between the left ventral inferior frontal
gyrus and the right posterior superior temporal gyrus, t(22)
= 3.18, p = 0.004, between the left middle frontal gyrus and
the right posterior superior temporal gyrus, t(22) = 2.81, p =
0.010, and also between the left ventral inferior frontal gyrus
and the left middle frontal gyrus, t(22) = 2.32,p = 0.030, under
a threshold of p < 0.05 (Table 2, Figure 3).

Discussion

'The current study aims to identify the Chinese auditory
lexicosemantic network using a semantic-tone task. Based on
the whole-brain activation and functional connectivity results,
Chinese auditory lexicosemantic network is likely to involve

Left vIFG

Left MFG

Right pST Left MFG

Left vIFG,

Right pSTG

Figure 3: Significant ROI-to-ROI functional connectivity, p < 0.05.

Table 2: Significant ROI-to-ROI functional connectivity in the semantic

> tone contrast.

ROI-to-ROI Connectivity t(22) | p
Left \.rentral inferior frontal gyrus - right posterior 318 | 0.004
superior temporal gyrus

Right posterior superior temporal gyrus - left middle 281 | 001
frontal gyrus

;;i Sventral inferior frontal gyrus - left middle frontal 232 1003

Threshold: p < 0.05.

the bilateral posterior superior temporal lobes, the left middle
frontal gyrus, the left ventral inferior frontal gyrus, the left
anterior superior temporal cortex, the left middle temporal
gyrus, and the left occipito-temporal cortex.

Whole-brain activation results

As expected, lexicosemantic > tone processing was seen
to engage several regions, including the left occipito-temporal
cortex (BA19/20), the left middle temporal gyrus (BA21),
the right anterior superior temporal cortex (BA38/48), the
left ventral inferior frontal gyrus (BA47), and the left middle
frontal gyrus (BA44/9). 'The bilateral posterior superior
temporal cortices that were originally hypothesized were not
observed, while unexpected activations were noted in the left
superior parietal lobule (BA7), the left sensorimotor area

(BA6/8/9/10), and the right cerebellum (Crus I/1I).

In the current study, activations in the left occipito-
temporal cortex were observed in the left temporal fusiform
gyrus (BA20), the left inferior temporal gyrus (BA20), and
the left middle occipital gyrus (BA19). Past studies have
suggested that BA20 is more associated with orthographic
representation at the higher-order linguistic level, rather
than the non-linguistic visual imagery of the heard object,
as visual feature extract is usually regulated by the primary
visual cortex, BA17, an area posterior to BA20 [24-30].
Hence, the observed activation in the left BA20 is believed to
reflect the orthographic analysis involved in spoken Chinese
lexicosemantic processing rather than task-induced visual
imagery. This suggests the possibility of visualization processes
when listening to Chinese words, given that the Chinese visual
form has greater clarity, reliability, and precision than that of
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the spoken form in discriminating homophones and semantic
decoding. Consistent with past findings [1-4], this suggests
that orthographic information may be processed even upon
hearing a word without the necessity of seeing it.

In addition to the left occipito-temporal cortex, temporal
lobe activations were also observed. It included the left
middle temporal gyrus, a repository site of lexicosemantic
representations [31-32], as well as the right anterior superior
temporal cortex (BA38/48), an area underlying basic syntactic
construction such as category registration [29, 32-34]. It is
notable that the anterior superior temporal lobe observed in
the current study was located in the right rather than the left
hemisphere. Likewise, the right anterior superior temporal lobe
has also been reported in Wu et al.’s study [2], which used a
semantic dangerousness task that required word categorization
judgment (dangerous or not). This is not surprising based on
previous findings [32-33], where word category information
was believed to be stored in the anterior superior temporal
gyrus bilaterally.

In the frontal lobe, activations were shown in the left
ventral inferior frontal gyrus, an area supporting controlled
retrieval of stored semantic representations, as well as the left
middle frontal gyrus, a region thought to be specialized for
lexical coordination in the Chinese language [1, 35-37].

Overall, the occipital, temporal, and frontal lobes subserve
the precise extract/categorization of the biological (i.e., living
or not) and physical (i.e., bigger than a cat or not) features
of the incoming spoken word under the modulation of the
higher-order frontal lobe.

Other than the expected findings above, the hypothesized
neural activity to be seen in the bilateral posterior superior
temporal lobes failed to surpass the threshold of p(FWE) <
.05 in the semantic > tone contrast. It is plausible that activity
in these auditory regions was probably obscured by the tone
baseline, as the posterior temporal speech areas are very likely
to be intensely elicited by non-speech sounds such as the tones
in the current study [28, 38, 39].

Unanticipated activations were also observed. The
activation spotted in the left superior parietal lobule may occur
due to visuospatial analysis that was needed in the semantic but
not the tone condition, where the size of the object indicated
by a heard noun had to be analysed and compared with the
size of a cat. This implication is based on the role of this area
in the visuospatial analysis of objects [40], visual search, and
spatial selective attention [41].

Itis also interesting to note semantic-irrelevant activations
in the left sensorimotor cortex in the current study. The
recruitment of this region is more likely to be attributed to the
covert articulation of the words heard that were automatically
elicited in the semantic but not the tone condition. Activity
in the left sensorimotor cortex is unlikely due to motoric
processes for button responses, in that the motoric activity
evoked by the button-press appears to be cancelled out after
contrasting the semantic condition with the tone baseline.

In addition to the cerebral activations stated above,

cerebellar activity in the right posterolateral cerebellum (Crus
I/II) was also detected. Past empirical and meta-analytic
studies have accumulated evidence for the preferential
sensitivity of the anterior and posterior cerebellum to
sensorimotor functions and higher-order cognitive processes,
respectively [42-44]. Thus, the current observation of the
posterolateral cerebellum in the semantics > tones contrast
probably implies its involvement in the higher-order language
functioning. Interestingly, in contrast to the left lateralization
of the cerebral network underlying language processing,
the present results showed cerebellar activity in the right
hemisphere, reflecting crossed cerebro-cerebellar projections
as reported by past studies [43-44]. In addition, the right Crus
I/IT has been suggested to subserve linguistic predictability,
error adjustment, and phonological but not orthographic or
semantic processing [43-45]. Thus, the current observation
of the right Crus I/II activation was presumably associated
with the phonological decoding of the word heard as well as
participants’ prediction of the characteristics of the upcoming
word heard (e.g., whether it denotes a living thing bigger than
a cat) but not directly correlated with semantic processing.

Overall, activations consistent with our hypothesis were
found in the left occipito-temporal cortex, the left middle
temporal gyrus, the right anterior superior temporal gyrus, the
left ventral inferior frontal gyrus, and the left middle frontal
gyrus, beyond the influence of task requirement. Due to
sensitivity to task properties, minor inconsistencies are noted
between our hypothesis and findings in the bilateral posterior
superior temporal lobes, the left superior parietal lobule, the
left sensorimotor cortex, and the right cerebellum (Crus I/1I).
These inconsistent regions are mostly situated in the dorsal
stream except for the cerebellar regions [46-49], supporting
the view that the degree of activity in the auditory dorsal
stream is more sensitive to task variations compared to that in
the auditory ventral stream [50].

Functional connectivity results

Functional = connectivity was examined within a
predefined network, in order to reveal potential interactions
among the regions of the Chinese auditory lexicosemantic
network, as well as to separate the auditory lexicosemantic
processing of interest from irrelevant processing driven by
task demands. Results showed that the semantic condition
had greater connectivity than the tone condition among the
right posterior superior temporal gyrus, the left middle frontal
gyrus, and the left ventral inferior frontal gyrus. This indicates
that an interconnected sub network among these three
regions is related to the facilitation of the sensori-to-semantic
transformation. It is believed that the right auditory cortex may
be engaged in processing the complexity of acoustic features
(e.g., pitch frequencies, spectral properties), which is greater
in spoken words than tones. The left middle frontal gyrus is
involved in integrating word form and meaning at the lexical
level [28]. The neural activity observed in the right posterior
superior temporal gyrus and the left middle frontal gyrus in
tandem with the left ventral inferior frontal gyrus could be
related to the retrieval of the target meaning from a spoken
word with higher precision. These three regions may serve as
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nodes to link and converge information from discrete brain
sites, providing support for a Chinese auditory lexicosemantic
network of highly-interconnected regions.

As reviewed earlier, the left posterior temporal lobe and
the left frontal lobe have been demonstrated to be anatomically
connected via the inferior fronto-occipital fasciculus to
support the normal Chinese semantic functioning [8], and
also functionally interconnected to subserve Chinese visual
lexicosemantic processing [2, 6, 7]. In contrast to the intra-
hemispheric connections reported in these previous studies,
the current study observed connectivity between the left frontal
lobe and the right posterior temporal lobe across the two
hemispheres. The involvement of the right rather than the left
posterior temporal lobe may still be linked to the non-linguistic
acoustic differences between the current semantic and the tone
conditions, such as the pitch frequencies (e.g., contour or level)
and spectral properties (e.g., wide or narrow). According to the
cortical asymmetry model [51], the right temporal lobe is more
sensitive to certain aspects of the acoustic signal in comparison
with the left temporal lobe. Therefore, the current observation
of the inter-hemispheric connectivity between the left frontal
lobe and the right posterior temporal lobe may be attributed
to the fact that the task was presented aurally, and also due
to considerable acoustic differences between the semantic and
tone conditions. Nevertheless, the current finding serves as the
primary evidence for the significance of the fronto-temporal
connectivity in sensori-to-semantic transformation during
Chinese lexicosemantic processing, specifically in the auditory
domain.

The current results indicate that the left middle frontal
gyrus and the left ventral inferior frontal gyrus could be
core regions for Chinese auditory lexicosemantic processing.
Although the right posterior superior temporal cortex was not
significantly activated in the whole-brain functional map, it
was functionally connected with the left frontal regions during
auditory lexicosemantic processing. This is probably because
acoustic processing alone may not be sufficient to facilitate
the performance of the auditory semantic-tone task, where
coordination of acoustic processing and higher-order semantic
integration/selection is needed. Apparently, the inter-
regional functional connectivity reveals some unique neural
mechanisms, not observable through activation patterns. This
implies the necessity to consider the function of a brain region
within the neural network of which it is a part [28,50],in order
to further understand how different brain regions interact with
one another in spoken Chinese word comprehension.

Significance of the study

Findings in the current study helped to deepen our
understanding of how the linguistic nature of spoken Chinese
words influences the neural mechanisms engaged. Based on
the limited evidence available in the literature and our current
investigations, a preliminary Chinese auditory lexicosemantic
network is established for reference and to further improve
future research.

In addition, the network based on the intact Chinese
semantic system may serve as a baseline for us to further

understand Chinese semantic disorders in dementia and
develop potential interventions. For instance, if orthographic
information does influence Chinese auditory semantic
processing as revealed in the present study, it would be worth
investigating whether the Chinese patients with alexia also
have difficulty in listening comprehension in addition to the
reading comprehension deficiency, or whether the neural
basis of auditory semantic processing is different between the
literate and the illiterate. Clinically, by integrating fIMRI with
other techniques such as Transcranial Magnetic Stimulation
(TMS), we could further verify whether there is a need for
neurosurgeons to consider the particularity of a Chinese
neuro-network or the nuances between Chinese and English
networks during the pre-surgical preparations for the Chinese-
speaking population.

Limitations

Despite careful considerations of possible confounds, our
study is not without limitations. Our task used a tone condition
as the baseline. One could argue that the semantic > tone
contrast may not purely target the auditory semantic network
of interest given other differences between the semantic and
tone conditions like pitch frequencies (e.g., contour or level)
and spectral properties (e.g., wide or narrow). Meanwhile,
the semantic and tone conditions also differed in whether the
stimulus was linguistic (e.g., phonological processing involved
or not). This semantic-tone task was adapted from Binder et
al. [9], where the original task was devised to elicit auditory
lexicosemantic network and it effectively controlled for the
automatic non-linguistic processing such as involuntary
sensorimotor activities, attentional control, and executive
functioning in the tone baseline [9, 52-53]. Previous studies
using this task paradigm also reliably activated the auditory
lexicosemantic neuro-network [38, 39, 55, 56]. Nevertheless,
future studies may consider designing a more comparable
baseline in investigations of auditory lexicosemantic processing.

The missing behavioural data were less satisfactory as
a result of technical difficulties, thereby preventing further
analyses of behaviour-brain correlation and behaviour-brain
regression, and ANCOVA with accuracy/latency as covariates
could not be conducted. However, these analyses appear to be
non-essential for the present study, where all participants were
young adults with relatively low variability in performance.
Furthermore, analysis of the remaining recorded trials showed
that they were distributed throughout the entire run, partially
confirming participants’ maintenance of concentration and
continued involvement during the task. There was also no
significant difference of functional activation between the
participants who had more missing behavioural data and those
having less. Therefore, all the 23 participants were included for
image analysis to ensure adequate sample size and statistical
power.

Lastly, we only investigated functional connectivity in
this study and were incapable of determining the directional
influence from one region to another. Thus, the potential
bottom-up and top-down processes could not be difterentiated
it based on the current connectivity results. We did not perform
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effective connectivity analysis as it required a well-defined
model for model comparisons. It is difficult to identify such
a model considering the limited existing studies. Hopefully,
more studies evaluating the Chinese auditory lexicosemantic
network will be available in the future to help determine a
well-defined network model to allow for effective connectivity
exploration.

Conclusion

The current study verified the predicted activations in
the left occipito-temporal cortex, the left middle temporal
gyrus, the right anterior superior temporal gyrus, the left
ventral inferior frontal gyrus, and the left middle frontal
gyrus. The bilateral posterior superior temporal lobes that
were hypothesized did not show significant activations.
This is possibly obscured by the auditory processing of
the tone baseline, as the bilateral auditory areas appear not
to be linguistic-specific but are instead responsive to non-
linguistic tones [28]. Nevertheless, co-activity between the
right posterior superior temporal cortex and frontal areas
was revealed in functional connectivity results, indicating
the involvement of the posterior superior temporal cortex in
Chinese auditory lexicosemantic processing.

In summary, the semantic network of spoken Chinese
words is thought to involve the bilateral posterior superior
temporal lobes, the left middle frontal gyrus, the left ventral
inferior frontal gyrus, the anterior superior temporal cortex,
the left middle temporal gyrus, and the left occipito-temporal
cortex. Within this Chinese auditory lexicosemantic network,
the right posterior superior temporal gyrus, the left middle
frontal gyrus, and the left ventral inferior frontal gyrus were
identified as an interconnected sub network through functional
connectivity analysis. This verifies the significance of the
fronto-temporal connectivity in the Chinese lexicosemantic
network specifically in the auditory domain.

The current Chinese language network appears to be
generally consistent with alphabetic writing systems, with
some minor specificities noted. The auditory lexicosemantic
processing of Chinese appears less relevant to the left inferior
parietal lobule underlying the sub-lexical-level processing
while more associated with the lexical-level processing in
the left middle frontal gyrus. In addition, the occipito-
temporal visual cortex seems to be involved in spoken Chinese
lexicosemantic processing, indicating the involvement of
orthography in Chinese auditory lexicosemantic processing
despite the absence of visually-presented characters. From the
linguistic perspective, these findings likely reflect that Chinese
characters, being evolved from semantic-represented drawings,
are inherently more advantageous over corresponding spoken
forms in terms of supplying semantic clues and differentiating
homophones during the lexical access of Chinese [57].
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