
1SCIENtIfIC RepoRTS | 7: 14056  | DOI:10.1038/s41598-017-14600-9

www.nature.com/scientificreports

Language lateralization during the 
Chinese semantic task relates to 
the contralateral cerebra-cerebellar 
interactions at rest
Qing Gao1,2, Zhongping Tao3, Lintao Cheng1,2, Jinsong Leng1, Junping Wang4, Chunshui Yu4 & 
Huafu Chen2,5

Aiming to investigate whether handedness-related language lateralization is related to the intrinsic 
resting-state functional connectivity (RSFC) pattern within the language network, the present study 
integrated the information of functional activations during a semantic task of Chinese characters and 
FC in resting-state based on functional magnetic resonance imaging (fMRI) data of healthy left handers 
(LH) and right handers (RH). RSFC was calculated on a voxel-based level between the seed regions 
chosen from functional activations during the task and the rest of the brain. The results demonstrated 
that LH had significantly stronger RSFC than RH between the cerebellum and supratentorial areas 
of the frontal, parietal and temporal lobe, and between the occipital lobe and frontal/parietal lobe. 
Correlation analysis showed that RSFC values between right MFG and left cerebellum_crus2, between 
SMA and right cerebellum_crus2, and between the right cerebellum_crus1 and left MFG were negatively 
correlated with cerebral laterality index in LH and RH groups. Our results highlight key nodes of Chinese 
language brain network processing in the cerebellum, and suggest that atypical language dominance 
relates to stronger crossed reciprocal RSFC in the frontal-cerebellar system. The findings provide new 
insights into the intrinsic FC substrates underlying the atypical language lateralization of LH.

Language lateralization has been a subject of intense research1, and both behavioral and neuroimaging stud-
ies have shown that handedness contributes to language lateralization2. In recent years, the concepts of func-
tional segregation and integration have been used to explore the underlying relationships of handedness and 
hemispheric dominance in the language brain network. Functional segregation allows localization of function. 
Researchers then revealed asymmetries of language-involved brain regions associated with handedness dur-
ing certain language tasks, which were distributed in the frontal, temporal and parietal lobes with predomi-
nant left-lateralization in right-handers (RH) while a dominance reversal or a lower level of lateralization in 
left-handers (LH)3–8. Functional integration relates to communication among specialized brain regions. Further 
studies focused on the integration and interaction of distributed neural systems for certain language processing 
tasks. A number of studies demonstrated that handedness influences language network during language process-
ing. For instance, one study described an altered modulation on the intra-hemispheric connections associated 
with handedness in semantic decision tasks6. In a word production task, LH showed connections significantly 
stronger than RH in right fusiform gyrus to bilateral Brodmann’s area 443. Our previous study focused on the 
analysis of handedness and effective connectivity among brain regions recruited by a Chinese language task. This 
study found improved bihemispheric coordination and increased interhemispheric communication in LH9.

An increasing number of studies have focused on the intrinsic functional integration measured by sponta-
neous fluctuations in the brain at rest10–12. Task-evoked cerebral blood flow has been found to account for less 
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than 5% of resting-state cerebral blood flow, which indicates that additional energy consumption associated with 
changes during task is remarkably small12,13. The intrinsic or task-free functional architecture of the brain involves 
abundant information for interpreting, responding to, and predicting environmental demands13,14. Semantic cog-
nition depends on a distributed network15. Hence, integrating information of the brain’s functional segregation 
during explicit task and intrinsic functional integration may offer an improved understanding of the underlying 
neuromechanisms of semantic cognitive functions. Recent research on functional magnetic resonance imag-
ing (fMRI) linked intrinsic functional connectivity networks with task-evoked activation in several cognitive 
domains11,12,16–20, such as working memory16, orthographic lexical retrieval20, Eriksen Flanker task17 and visual 
discrimination training18. The brain regions recruited by these cognitive functions are also engaged in active con-
nectivity at rest21. Studies in language cognition proved the relation between semantic cognition in internal pro-
cesses and intrinsic activity fluctuations; these studies indicated the feasibility of measuring language asymmetry 
using resting-state fMRI data8,15,21–24. Thus, resting-state functional connectivity (RSFC) networks provide novel 
insights into the organization of brain language networks. However, to our knowledge, only a few studies have 
integrated information of the brain’s intrinsic functional integration during resting-state and language-related 
task activations to reveal the association of RSFC and language lateralization in Chinese. Moreover, LH, who 
can be extremely informative in language lateralization studies, are paradoxically excluded in most analyses per-
formed in this field; thereby the effect of handedness has been neglected in many studies.

The present study investigates whether the language hemispheric dominance of LH and RH is related to their 
RSFC language network pattern. We used the resting-state fMRI data and fMRI data of a semantic task of Chinese 
characters9. We hypothesized that the asymmetric language functional segregation associated with handedness 
could be reflected by the oscillatory integration in the language network at rest.

To define the nodes of the language network, the activated brain regions in healthy LH and RH groups in a 
Chinese semantic task were selected based on our previous study9. The differently activated areas between the 
two groups were chosen, which were considered associated with LH/RH specific language areas. The conjoined 
activated areas of the two groups based on conjunction analysis were also defined in our previous study9. These 
selected regions were included in the present study and acted as seed regions to calculate the FC between the 
seeds and the remaining brain voxels in resting-state. The differences of the FC maps of each seed between the 
LH and RH groups were compared. Correlation analysis was further performed to examine whether the altered 
RSFC between the two groups was associated with handedness-related language lateralization during the task 
performance.

Results
Chosen seed regions. The group analysis showed that two areas in the frontal lobe, namely the right middle 
frontal gyrus (MFG) and the inferior frontal gyrus opercular (IFGoper), displayed a significantly higher activity 
in LH than in RH. Figure 1 depicts the significantly different activated areas between LH and RH groups (Fig. 1B), 
along with the signal change (%) in these areas (Fig. 1A). The conjoint activated areas of the two groups during 
the task included the left MFG, left precentral gyrus (PreGC), supplementary motor area (SMA), bilateral insula 
(INS), left inferior occipital gyrus (IOG), bilateral middle occipital gyrus (MOG), and right cerebellum_crus1 
and _crus2, as reported in our previous study9. Table 1 summarizes the details of the chosen seed regions, which 
were further used to calculate the RSFC between them and the remaining brain voxels.

Significantly different RSFC between seeds regions and the remaining brain voxels. Figure 1 
demonstrates the significantly stronger RSFC maps of seed right IFGoper (Fig. 1C) and seed right MFG (Fig. 1D) 
in LH than in RH (Alphasim corrected p < 0.01, cluster size = 67). Significantly stronger RSFC in RH than in LH 
was not detected. Table 2 summarizes the detailed results. For the case of seed right MFG, the brain regions with 
stronger RSFC in LH included right angular gyrus, left cerebellum_crus1, and bilateral cerebelum_crus2. By 
contrast, the brain regions of bilateral caudate nucleus and cerebellum_crus2 were reported for the case of seed 
right IFGoper (See Table 2 for details).

Figure 2 depicts the significantly stronger RSFC maps of seeds in conjoint activated areas in LH compared 
with those in RH (Alphasim corrected p < 0.01, cluster size = 67). Table 3 shows the details of the local maxima 
of significantly different RSFC between LH and RH groups. Most of the significantly stronger connections were 
long-range connections between the cerebellum and the supratentorial areas of the frontal, parietal and temporal 
lobe, and between the occipital and the frontal/parietal lobes. Significantly stronger RSFC in RH than in LH was 
not detected.

Figure 3 shows the diagrammatic representation of the significantly stronger RSFC of the chosen seeds in LH 
compared with those in RH. The two blue lines represent connections within the occipital lobe, whereas the black 
lines show long-range connections that are mainly distributed between the cerebellum and the supratentorial 
areas of the frontal, parietal and temporal lobes, and between the occipital and the frontal/parietal lobes. The 
degree of connectivity distribution of the seeds is shown as an inset. Right cerebellum_crus2 and bilateral MOG 
have relatively larger degrees of connectivity compared with the other seed regions.

We also present the RSFC map of RH as a benchmark in Fig. 4. The typical RSFC pattern demonstrated that 
the seed regions had connections with the Chinese semantic language areas of MFG, IFG, SMA, PreCG, postcen-
tral gyrus, middle/superior temporal gyrus extending to temporal pole and INS, superior parietal gyrus, middle/
superior occipital gyrus, precuneus, and the cerebellum.

Correlations between RSFC and language lateralization. Language lateralization was assessed 
by threshold-free laterality index (LI) and was tabulated based on the following categories: right-lateralized 
(LI ≤ −0.2), left-lateralized (LI ≥ 0.2), non-lateralized (−0.2 < LI < 0.2)9,25. Larger LI values represented increased 
left-lateralized activity patterns. All right-handed subjects had cerebral LI values larger than 0.2 in the cerebral 
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cortex (0.52 ± 0.10, range 0.32~0.71). A total of 25 out of the 28 left-handed subjects showed cerebral LI values 
between −0.2 to 0.2; two had cerebral LI values larger than 0.2, and one had a cerebral LI value lower than −0.2. 
Figure 5 shows the group difference of the cerebral and cerebellar LI values between LH and RH. The mean 
cerebral LI for all left-handed subjects was −0.02 ± 0.11 (range −0.22~0.21). Significantly dissimilar cerebral LI 

Figure 1. Left: significantly different activated areas between LH and RH groups (FDR p < 0.01) (B), and signal 
changes (%) in these areas (A). Right: significantly stronger RSFC in LH compared with RH (C: right IFGoper 
as seed; D: right MFG as seed). IFGoper, inferior frontal gyrus opercular; MFG, middle frontal gyrus; LH, left 
handers; RH, right handers; R, the right hemisphere.

Region name Abbreviation Hem Peak coordinates Peak t-value

Significantly differently activated areas

Middle frontal gyrus MFG R (42 16 54) 3.49

Inferior frontal gyrus, 
opercular IFGoper R (54 21 36) 3.72

Conjoint activated areas

Middle frontal gyrus MFG L (−51 18 36) 8.10

Supplementary motor area SMA L/R (0 24 48) 8.62

Precentral gyrus PreCG L (−51 9 45) 7.31

Insula INS L (−33 24 −3) 7.19

R (30 24 −3) 4.99

Inferior occipital gyrus IOG L (−36 −84 −12) 8.01

Middle occipital gyrus MOG L (−18 −99 9) 6.20

R (24 −96 6) 5.43

Cerebellum_crus1 CRB_crus1 R (18 −84 −21) 5.61

Cerebellum_crus2 CRB_crus2 R (9 −84 −33) 6.19

Table 1. Chosen seed regions to calculate the RSFC between the seeds and the remaining brain voxels.
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was found between the two groups (p = 4e-26). In the cerebellum, 27 of the 28 RH had cerebellar LI values lower 
than −0.2, whereas one subject indicated non-lateralized pattern with a cerebellar LI value of −0.19. The mean 
cerebellar LI for all RH was −0.40 ± 0.10 (range −0.56~−0.19). In LH, 24 of the 28 LH had cerebellar LI values 
between −0.2 to 0.2, and four had cerebellar LI values lower than −0.2. The mean cerebellar LI for all LH was 
−0.07 ± 0.11 (range −0.34~0.11). Significantly disparate cerebellar LI was also found between the two groups 
(p = 3e-16).

Figure 6 depicts the significant correlations between RSFC and cerebral LI. However, the significant correla-
tion between RSFC and cerebellar LI was not found. Correlation analyses were performed separately for LH and 
RH. The blue circle demonstrated the brain region showing significant correlations between its RSFC and cere-
bral LI. Pearson correlation analysis demonstrated that cerebral LI values were negatively correlated with RSFC 
association values between the right MFG and left cerebellum_crus2, between SMA and right cerebellum_crus2, 
between the right MOG and right superior frontal gyrus, and between the right cerebellum_crus1 and left MFG. 
Shepherd’s pi correlation was also applied to the data after outlier removal. The contour lines indicated the boot-
strapped Mahalanobis distance from the bivariate mean of the resampled data. White points indicated outliers 
that were excluded from the correlation analysis.

Discussion
The cerebral LI values of LH and RH individuals suggested that the brain activation pattern of RH was left lateral-
ized, whereas the pattern of LH had a more bilateral distribution9. In the cerebellum, cerebellar LI values showed 
activated areas as right dominant in RH, which was contralateral to the activations in the cerebral cortex; whereas 
in LH, a more bilateral activity pattern was also found in the cerebellum compared with RH. The language later-
alization patterns in LH and RH groups in our study were consistent with prior research, wherein LH presented 
a comparatively equally distributed language dominance between hemispheres in contrast to RH9,26. Moreover, 
our findings supported the idea of a bilateral recruitment of both the cerebral and cerebellar language areas in LH 
during Chinese semantic processing9,27, and suggested the concept of a lateralized linguistic cerebellum associated 
with handedness9,28. We also found that significantly different activations between LH and RH were located in 
right MFG and IFGoper. In fact, signal change analysis in these two areas demonstrated that significant activa-
tions in the LH group occurred in the right MFG and IFGoper, whereas no significant activation was detected 
in the RH group in these areas (Fig. 1A). The inferior and middle frontal gyri were activated and unique in 
Chinese semantic tasks comparing with English language tasks29,30 to complete the Chinese semantic access and 
judgment30,31. The bilateral involvement of the inferior and middle frontal gyri in LH and left-lateralized involve-
ment of these areas in RH suggested that Chinese semantic processing in LH and RH had different patterns of 
representation in the frontal lobe29,30,32,33.

The typical RSFC pattern in RH indicated that the chosen seed regions had connections with the Chinese 
semantic language areas30. The dense language-related cerebello-cerebro-cortical functional connections in 
resting-state were detected. Significantly stronger RSFC pattern of the chosen seeds was found in LH compared 
with those in RH. Interestingly, most of the significantly stronger connections were in the type of long-range 
connections mainly distributed between the cerebellum and the supratentorial areas of the frontal, parietal and 
temporal lobes, and between the occipital and the frontal/parietal lobes. Right cerebellum_crus2 and bilateral 
MOG had relatively larger degrees of connectivity relative to other seed regions. This finding suggested that they 
may play an important role in understanding the relationship between language lateralization and RSFC in the 
language network.

Neuroanatomical studies proved that the prefrontal, parietal and temporal cortices demonstrate topographically 
organized projections to the cerebellum34–36. The anatomically cerebello-cerebro-cortical pathways have been sug-
gested to provide a neural substrate for the cerebellum to actively and directly participate in cognitive and linguis-
tic functions9,34,36–38. Our results further showed that the language-associated cerebello-cerebro-cortical functional 
connections in resting-state were influenced by handedness: bilateral cerebellum had significant stronger RSFC to 
the supratentorial areas including MFG, superior frontal gyrus, inferior frontal gyrus, SMA and INS in LH than 
in RH. This outcome suggested that handedness affected the cerebro-cerebellar system, such that left-handedness 
enhanced the connections in the system. More crossed reciprocal cerebello-cerebro-cortical connections between 

Region name Abbreviation Hem Peak coordinates Peak t-value

Right middle frontal gyrus

Angular gyrus ANG R (36 −72 45) 4.07

Cerebellum_crus1 CRB_crus1 L (−39 −72 −36) 4.08

Cerebellum_crus2 CRB_crus2 L (−39 −72 −45) 4.49

R (36 −69 −39) 3.94

Right inferior frontal gyrus, opercular

Caudate nucleus CAU L (−18 24 6) 4.86

R (6 15 3) 3.32

Cerebellum_crus2 CRB_crus2 L (−48 −69 −45) 3.62

R (39 −72 −39) 3.74

Table 2. Local maxima of significantly different RSFC between LH and RH in differently activated regions.
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the language-associated regions may partly explain the consistently more symmetrical activated pattern in both the 
cerebral cortex and the cerebellum during the performance of Chinese semantic task in LH than in RH.

The correlation analysis in our study revealed that RSFC associations between specific brain regions 
were strongly related to the individual cerebral LI values in LH and RH groups. The results suggested that 
handedness-involved language lateralization related to crossed reciprocal connections in the frontal-cerebellar 
system in resting-state. Thus, the more atypical (trend to right hemisphere) the language lateralization was, the 
stronger the crossed reciprocal connections in the frontal-cerebellar system were. This result emphasized the 
importance of MFG, cerebellum_crus1 and cerebellum_crus2 in revealing the relation between language later-
alization and RSFC9,39.

Occipital areas have been found to be consistently active during Chinese language tasks and have been suggested 
as specific nodes in the Chinese language network30,31,33,40. The areas were supposed to be relevant to the processing 
of the visual properties of Chinese characters and words40. Unlike English words, Chinese characters have a spatial 
structure, consisting of strokes or radicals that fit into a square-shaped space30,41. Bilateral MOG was revealed to 
be activated across three language-processing components including the orthographic, phonological, and seman-
tic processing of Chinese characters30. This finding suggested that visuospatial analysis for the Chinese grapheme 
processing was needed for the three language-processing components including the semantic access9,30,31,41. In our 

Figure 2. Significantly stronger RSFC in LH than in RH (conjoint activated areas as seeds, Alphasim corrected 
p < 0.01, cluster size = 67). CRBcrus1, cerebellum_crus1; CRBcrus2, cerebellum_crus2; INS, insula; IOG, 
inferior occipital gyrus; L, the left hemisphere; MFG, middle frontal gyrus; MOG, middle occipital gyrus; 
PreCG, precentral gyrus; R, the right hemisphere; SMA, supplementary motor area.
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study, LH had stronger RSFC between MOG and precuneus, and between MOG and right middle/superior frontal 
gyrus. Moreover, RSFC between the right MOG and superior frontal gyrus was found to be negatively correlated 
with cerebral LI values in both LH and RH. The results indicated stronger pathways for word form pattern extraction 
and later semantic access/judgment in LH, which were required in Chinese semantic processing31,41. This finding 
suggested that more atypical language dominance was associated with stronger functional connectivity between the 
right MOG and superior frontal gyrus. Handedness may influence the brain representation of language processing 
and the associated RSFC network. Along with findings that LH had more and stronger crossed reciprocal RSFC in 

Region name Abbreviation Hem Peak coordinates Peak t-value

Left middle frontal gyrus

Cerebellum_crus2 CRB_crus2 L (−48 −63 −51) 4.78

Supplementary motor area

Fusiform gyrus FG L (−36 −48 −12) 3.99

Cerebellum_crus2 CRB_crus2 L (−30 −72 −39) 4.53

R (36 −69 −42) 4.68

Cerebellum_6 CRB_6 L (−21 −72 −18) 3.78

Left precentral gyrus

Caudate nucleus CAU R (6 12 3) 3.95

Left insula

Cuneus CUN L (−3 −78 36) 3.44

R (15 −66 36) 3.85

Fusiform gyrus FG R (33 −48 −9) 4.44

Thalamus THA R (9 −9 12) 3.98

Cerebellum_crus2 CRB_crus2 L (−24 −78 −48) 4.55

Right insula

Cerebellum_crus2 CRB_crus2 R (42 −78 −42) 3.35

Left inferior occipital gyrus

Precuneus PCUN L (−15 −57 15) 3.77

Left middle occipital gyrus

Middle frontal gyrus, orbital MFGorb R (3 57 −12) 4.21

Superior frontal gyrus SFG R (15 30 45) 3.64

Precuneus PCUN L (−12 −72 33) 3.94

R (12 −60 39) 3.71

Inferior Occipital gyrus IOG L (−18 −93 −9) 3.61

Caudate nucleus CAU L (−15 21 3) 3.01

R (6 18 3) 4.41

Right middle occipital gyrus

Middle frontal gyrus MFG L (−27 21 42) 4.05

R (27 36 45) 4.86

Superior frontal gyrus SFG R (27 15 57) 5.19

Superior frontal gyrus, medial SFGmed R (6 57 0) 3.84

Precuneus PCUN R (6 −45 6) 4.89

Angular gyrus ANG L (−39 −69 39) 3.21

R (45 −75 33) 4.63

Middle occipital gyrus MOG L (−39 −78 27) 4.04

Right cerebellum_crus1

Middle frontal gyrus MFG L (−21 18 39) 5.02

R (27 30 39) 3.15

Superior frontal gyrus SFG L (−24 48 0) 4.38

Middle temporal gyrus MTG L (−39 −63 21) 3.25

Right cerebellum_crus2

Middle frontal gyrus MFG L (−21 18 45) 3.54

Superior frontal gyrus SFG L (−24 48 0) 4.85

Middle temporal gyrus MTG R (48 −66 21) 3.94

Cuneus CUN R (3 −72 30) 4.10

Precuneus PCUN R (18 −54 15) 4.15

Superior parietal gyrus SPG R (21 −78 51) 3.45

Parahippocampal gyrus PHIP R (21 −42 −6) 5.01

Table 3. Local maxima of significantly different RSFC between LH and RH in conjoint activated regions.
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frontal-cerebellar system compared with that of RH, the findings presumably provided RSFC clues for additional 
recruitment of right prefrontal areas for the Chinese semantic task in LH. Our findings may also lead to new inter-
pretations of the fact that the severity of aphasia is milder in LH regardless of the hemisphere injured, and that 
recovery is more rapid and more complete in LH than in RH after an aphasia event42.

As demonstrated in our previous study, the RH group had the maximum Edinburgh Handedness Inventory 
(EHI) score of + 100, and the LH group had the minimum EHI score of −80 instead of −100. Social pressure for 
right-handed writing and eating is very strong in the Chinese population; thus, the born left-handed people are 
always forced to write and eat using their right hands43,44. The left-handed subjects recruited in our study reported 
to use their right hands to write and eat. This findings may bias the results in our study, but our results still have 
universal meaning in Chinese population because it is common in China9,43,44.

In summary, the present study integrated information regarding task activation and RSFC in the brain’s 
semantic processing network to investigate how language hemispheric dominance in LH and RH relates to 
the RSFC pattern. We found that LH had a larger RSFC language network than RH. Moreover, our task and 
resting-state studies unveiled novel cerebellar nodes in the Chinese language brain network. Our study expands 
the conclusion to suggest that the crossed reciprocal RSFC in frontal-cerebellar system may potentially be linked 
to the strength of hemispheric lateralization in LH and RH. Studies combining functional segregation during 
active semantic task and integration in resting-state will provide new insights into the organization of the brain 
language network associated with handedness.

Methods
Subjects. Participants consisted of 28 healthy left-handed subjects (17 females, age = 24.2 ± 2.5 years) and 28 
healthy right-handed subjects (15 females, age = 24.7 ± 1.9 years). This study sample was previously analyzed in 
a task-related fMRI research of a study of our group9. The criterion for left handedness was an EHI score45 lower 
than −50, whereas the criterion for right handedness was an EHI score higher than 509. The mean EHI score were 
−66.4 ± 13.4 for the left handedness group, and 96.8 ± 7.2 for the right-handedness group. The subjects were had no 
history of psychiatric or neurological illness, or prolonged impairment of function or language capability, and they 
had normal or corrected to normal vision. All subjects were native Chinese speakers and reported no exposure to the 
Korean language to ensure that Korean characters would serve as an appropriate perceptual control task. The protocol 
observed in the present study was approved by the local Ethics Committee of Tianjin Medical University and was 
conducted in accordance with the approved guidelines. Informed written consents were obtained from all participants.

Figure 3. Schematic diagram of the RSFC difference between LH and RH groups. The two blue lines represent 
connections within the occipital lobe. All other lines indicate long-range connections, mainly distributed 
between the cerebellum and the supratentorial areas of the frontal, parietal and temporal lobes, and between the 
occipital and frontal/parietal lobes. Inset is the degree distribution of the seeds. The abbreviations are similar to 
those in Figs 1 and 2.
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Experimental Paradigm. The experiment was performed on a 3.0-T GE Signa HDx MR scanner (Tianjin 
Medical University, Tianjin, China) using a gradient-recalled echo planar imaging (EPI) sequence with an 
8-channel head coil. For the resting-state scans, subjects were instructed to simply rest with their eyes closed, 
not to think of anything in particular, and not to fall asleep. The acquisition parameters for functional imaging 
were as follows: TR = 3000 ms, TE = 30 ms, FOV = 22 cm, matrix = 64 × 64, voxel size = 3.44 × 3.44 × 4 mm3, 

Figure 4. RSFC map of RH as a benchmark (Alphasim corrected p < 0.01). The abbreviations are similar to 
those in Figs 1 and 2.

Figure 5. Group difference of the cerebral and cerebellar LI values between LH and RH. (**: significant 
threshold p < 0.0001).
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38 transverse slices with slice thickness = 3 mm, slice gap = 1 mm, and flip angle = 90°. The scan time for the 
resting-state fMRI and the language task were 6 min and 4 min, respectively. High-resolution 3D T1-weighted 
anatomical images were also acquired in sagittal orientation using a fast spoiled gradient recalled sequence 
(BRAVO, TR = 7.8 ms, TE = 3.0 ms, flip angle = 7°, matrix size = 256 × 256 × 176, slice thickness = 1mm without 
slice gap, and voxel size = 1 × 1 × 1 mm3).

In our previous study, we investigated the functional activity patterns and the effective connectivity network 
during a Chinese semantic task9. The fMRI experiment was a blocked design, with four semantic task blocks and 
four control task blocks alternatively. Each block lasted 30 seconds with 10 trials, and each trial included 200 ms 
for the “+” cue presented in the centre of the screen, 1800 ms for the meaning judgment task, and 1000 ms for 
the subjects to press the key. During the semantic task, participants were asked to judge if the two Chinese char-
acters that appeared on the screen had the same meaning. During the control task, the participants were asked 
to judge whether two Korean characters were the same or not. Participants were requested to perform the tasks 
as quickly and accurately as possible. The Korean characters were randomly chosen, and half of the pairs were 
the same and the other half were different. The participants practiced a short version of the experimental task for 
familiarity. Subjects with accuracy rate higher than 80% during the practice were allowed to participate in the 
fMRI experiment.

Data Analyses. Resting-state data and task data were preprocessed using statistical parametric mapping 
(SPM) software (SPM8, http://www.fil.ion.ucl.ac.uk/spm). The preprocessing of the images included slice-timing 
correction, head motion correction, and spatial normalization into a standard stereotaxic space with voxel size 
of 3 × 3 × 3 mm3 using the Montreal Neurological Institute (MNI) EPI template. A dataset with translational or 
rotational parameters exceeding ± 1 mm or ± 1° would be excluded. Recent studies demonstrated that functional 
connectivity analysis is sensitive to gross head motion effects46,47; thus, we further evaluated the framewise dis-
placement (FD)46 in resting-state fMRI images to express instantaneous head motion, and a threshold of 0.5 was 

Figure 6. Significant correlations between RSFC and cerebral laterality index (LI) by Pearson correlation and 
Shepherd’s pi correlation analyses. The blue circle highlights the region whose significant correlation is depicted 
on the right. In the Shepherd’s pi correlation map, the contour lines indicate the bootstrapped Mahalanobis 
distance from the bivariate mean of the resampled data. The white points represent the outliers excluded from 
Shepherd’s pi correlation analysis. The abbreviations are similar to those in Figs 1 and 2.

http://www.fil.ion.ucl.ac.uk/spm
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suggested. The largest FD of all subjects was less than 0.2 mm. Two sample t-test did not show a significant differ-
ence of FD between LH and RH groups (mean ± SD: 0.068 ± 0.038 for LH and 0.063 ± 0.037 for RH; p = 0.750).

The statistical parametric maps (t-statistics) of the contrast between the semantic condition and the control 
condition were generated using the general linear model. Two-sample t-test (FDR p < 0.01) was performed to 
obtain the differently activated regions of the LH and RH groups, with age, sex, education, head motion and EHI 
score as covariates. Signal changes of the differently activated regions were calculated using the MarsBaR toolbox 
(http://www.sourceforge.net/projects/marsbar).

The voxels with the highest statistical t-value in the regions were chosen as seeds to calculate the RSFC net-
works during resting-state. Seeds were also chosen from the conjoint activated areas of the LH and RH groups 
using conjunction analysis in SPM8, the results of which were reported in our previous study9. In the RSFC anal-
ysis, regions of interest (ROI) were defined as spheres with the centre at chosen seeds and the radius of 6 mm. The 
representative time series in each ROI was obtained by averaging the fMRI time series across all voxels in the ROI.

Language lateralization assessment. The threshold-free LI on SPM t-maps was calculated for each sub-
ject to assess language lateralization9. Nagata et al. proposed that the approach could minimize the influence of 
the statistical threshold on LI assessment48. This approach calculates the number of left and right hemisphere 
voxels activated for the task relative to the baseline at a range of different statistical thresholds, then searches for 
the optimal regression function, which describes the relationship between the number of voxels and the statistical 
threshold48,49. The regression provides a constant term that is used to calculate a normalized difference between 
the left and right hemisphere activity48,49. A positive value of LI represents left-hemisphere dominance, whereas a 
negative value indicates right-hemisphere dominance6. We calculated LI for the cerebral cortex and the cerebel-
lum, respectively. Hemispherical masks were employed to identify left or right hemispherical voxels. As suggested 
in previous studies, language lateralization was tabulated based on the following categories: right-lateralized 
(LI ≤ −0.2), left-lateralized (LI ≥ 0.2), and non-lateralized (−0.2 < LI < 0.2)25.

Functional connectivity networks. Seed-based, voxel-wise RSFC was calculated by REST software (www.
restfmri.net). Each time series was first corrected by linear regression to remove the possible spurious variances 
including six head motion parameters, white matter, and ventricular signals averaged from a white matter mask 
and a ventricular mask, respectively50,51. The residuals of these regressions were temporally band-pass filtered 
(0.01 < f < 0.08 Hz) to reduce low-frequency drifts and physiological high-frequency respiratory and cardiac 
noise10; they were also linearly detrended for further RSFC analysis. RSFC was calculated between the seed 
regions and the remaining brain on a voxel-based level for each subject using Pearson’s correlation. A Fisher’s 
r-to-z transformation was applied to the correlation matrices to improve the normality of the correlation coef-
ficients. A spatial smoothing filter was subsequently employed for each volume by convolving with an isotropic 
Gaussian kernel (FWHM = 8 mm) before group comparison. Two-sample t-test was then utilized to obtain the 
regions with different functional connectivity to the seeds between the two groups, with age, sex and FD as covar-
iates. The statistically significant threshold was set for multiple comparisons at the cluster level with Alphasim 
corrected p < 0.01 (cluster size = 67).

Correlation analysis. To examine if the altered RSFC between the two groups were associated with handed-
ness, relationships between RSFC values in regions showing significant group differences and cerebral/cerebellar 
LI values were further detected by Pearson correlation analysis, as well as Shepherd’s pi correlation analysis as a 
supplement52. Correlation analyses were separately performed for LH and RH. Shepherd’s pi correlation (http://
www.fil.ion.ucl.ac.uk/∼sschwarz/Shepherd.zip) was further used because it is more robust to the presence of 
influential outliers and less strict than other correlation approaches in situations where a relationship is likely52. 
The bootstrapped Mahalanobis distance from the bivariate mean of the resampled data was calculated to exclude 
the influential outliers from the correlation analysis52. Shepherd’s pi correlation was then applied to the data after 
outlier removal52.

References
 1. Knecht, S. et al. Handedness and hemispheric language dominance in healthy humans. Brain 123, 2512–2518 (2000).
 2. Willems, R. M., Van der Haegen, L., Fisher, S. E. & Francks, C. On the other hand: including left-handers in cognitive neuroscience 

and neurogenetics. Nat Rev Neurosci 15, 193–201 (2014).
 3. Abel, S. et al. The influence of handedness on hemispheric interaction during word production: insights from effective connectivity 

analysis. Brain Connect 1, 219–231 (2011).
 4. Szaflarski, J. P. et al. Language lateralization in left-handed and ambidextrous people: fMRI data. Neurology 59, 238–244 (2002).
 5. Josse, G. & Tzourio-Mazoyer, N. Hemispheric specialization for language. Brain Res Brain Res Rev 44, 1–12 (2004).
 6. Seghier, M. L., Josse, G., Leff, A. P. & Price, C. J. Lateralization is predicted by reduced coupling from the left to right prefrontal 

cortex during semantic decisions on written words. Cereb Cortex 21, 1519–1531 (2011).
 7. Seghier, M. L. & Price, C. J. Explaining left lateralization for words in the ventral occipitotemporal cortex. J Neurosci 31, 14745–14753 

(2011).
 8. Liu, H., Stufflebeam, S. M., Sepulcre, J., Hedden, T. & Buckner, R. L. Evidence from intrinsic activity that asymmetry of the human 

brain is controlled by multiple factors. Proc Natl Acad Sci USA 106, 20499–20503 (2009).
 9. Gao, Q., Wang, J., Yu, C. & Chen, H. Effect of handedness on brain activity patterns and effective connectivity network during the 

semantic task of Chinese characters. Sci Rep 5, 18262 (2015).
 10. Biswal, B., Yetkin, F. Z., Haughton, V. M. & Hyde, J. S. Functional connectivity in the motor cortex of resting human brain using 

echo-planar MRI. Magn Reson Med 34, 537–541 (1995).
 11. Smith, S. M. et al. Correspondence of the brain’s functional architecture during activation and rest. Proc Natl Acad Sci USA 106, 

13040–13045 (2009).
 12. Di, X., Gohel, S., Kim, E. H. & Biswal, B. Task vs. Rest - Different Network Configurations between the Coactivation and the Resting-

State BrainNetworks. Front. Hum. Neurosci. 7, 493 (2013).
 13. Raichle, M. E. Two views of brain function. Trends Cogn Sci 14, 180–190 (2010).

http://www.sourceforge.net/projects/marsbar
http://www.restfmri.net
http://www.restfmri.net
http://www.fil.ion.ucl.ac.uk/
http://www.fil.ion.ucl.ac.uk/


www.nature.com/scientificreports/

1 1SCIENtIfIC RepoRTS | 7: 14056  | DOI:10.1038/s41598-017-14600-9

 14. Mennes, M., Kelly, C., Colcombe, S., Castellanos, F. X. & Milham, M. P. The extrinsic and intrinsic functional architectures of the 
human brain are not equivalent. Cereb Cortex 23, 223–229 (2013).

 15. Jackson, R. L., Hoffman, P., Pobric, G. & Lambon Ralph, M. A. The Semantic Network at Work and Rest: Differential Connectivity 
of Anterior Temporal Lobe Subregions. J Neurosci 36, 1490–1501 (2016).

 16. Hampson, M., Driesen, N. R., Skudlarski, P., Gore, J. C. & Constable, R. T. Brain connectivity related to working memory 
performance. J Neurosci 26, 13338–13343 (2006).

 17. Mennes, M. et al. Linking inter-individual differences in neural activation and behavior to intrinsic brain dynamics. Neuroimage 54, 
2950–2959 (2011).

 18. Baldassarre, A. et al. Individual variability in functional connectivity predicts performance of a perceptual task. Proc Natl Acad Sci 
USA 109, 3516–3521 (2012).

 19. Ostby, Y. et al. Mental time travel and default-mode network functional connectivity in the developing brain. Proc Natl Acad Sci USA 
109, 16800–16804 (2012).

 20. Waites, A. B., Stanislavsky, A., Abbott, D. F. & Jackson, G. D. Effect of prior cognitive state on resting state networks measured with 
functional connectivity. Hum Brain Mapp 24, 59–68 (2005).

 21. Ibrahim, G. M. et al. Atypical language laterality is associated with large-scale disruption of network integration in children with 
intractable focal epilepsy. Cortex 65, 83–88 (2015).

 22. Doucet, G. E. et al. Resting-state functional connectivity predicts the strength of hemispheric lateralization for language processing 
in temporal lobe epilepsy and normals. Hum Brain Mapp 36, 288–303 (2015).

 23. Wang, D., Buckner, R. L. & Liu, H. Functional specialization in the human brain estimated by intrinsic hemispheric interaction. J 
Neurosci 34, 12341–12352 (2014).

 24. McAvoy, M. et al. Unmasking Language Lateralization in Human Brain Intrinsic Activity. Cereb Cortex 26, 1733–1746 (2016).
 25. Gelinas, J. N., Fitzpatrick, K. P., Kim, H. C. & Bjornson, B. H. Cerebellar language mapping and cerebral language dominance in 

pediatric epilepsy surgery patients. Neuroimage Clin 6, 296–306 (2014).
 26. Tussis, L., Sollmann, N., Boeckh-Behrens, T., Meyer, B. & Krieg, S. M. Language function distribution in left-handers: A navigated 

transcranial magnetic stimulation study. Neuropsychologia 82, 65–73 (2016).
 27. Annett, M. Genetic and nongenetic influences on handedness. Behav Genet 8, 227–249 (1978).
 28. Marien, P., Engelborghs, S., Fabbro, F. & De Deyn, P. P. The lateralized linguistic cerebellum: a review and a new hypothesis. Brain 

Lang 79, 580–600 (2001).
 29. Booth, J. R. et al. Specialization of phonological and semantic processing in Chinese word reading. Brain Res 1071, 197–207 (2006).
 30. Wu, C. Y., Ho, M. H. & Chen, S. H. A meta-analysis of fMRI studies on Chinese orthographic, phonological, and semantic 

processing. Neuroimage 63, 381–391 (2012).
 31. Wu, X. et al. Multiple neural networks supporting a semantic task: an fMRI study using independent component analysis. 

Neuroimage 45, 1347–1358 (2009).
 32. Kuo, W. J. et al. A left-lateralized network for reading Chinese words: a 3 T fMRI study. Neuroreport 12, 3997–4001 (2001).
 33. Tan, L. H. et al. The neural system underlying Chinese logograph reading. Neuroimage 13, 836–846 (2001).
 34. Leiner, H. C., Leiner, A. L. & Dow, R. S. Reappraising the cerebellum: what does the hindbrain contribute to the forebrain? Behav 

Neurosci 103, 998–1008 (1989).
 35. Schmahmann, J. D. From movement to thought: anatomic substrates of the cerebellar contribution to cognitive processing. Hum 

Brain Mapp 4, 174–198 (1996).
 36. Murdoch, B. E. The cerebellum and language: historical perspective and review. Cortex 46, 858–868 (2010).
 37. Bloedel, J. R. & Bracha, V. Duality of cerebellar motor and cognitive functions. Int Rev Neurobiol 41, 613–634 (1997).
 38. Leiner, H. C., Leiner, A. L. & Dow, R. S. Cognitive and language functions of the human cerebellum. Trends Neurosci 16, 444–447 

(1993).
 39. Stoodley, C. J. & Schmahmann, J. D. Functional topography in the human cerebellum: a meta-analysis of neuroimaging studies. 

Neuroimage 44, 489–501 (2009).
 40. Tan, L. H. et al. Brain activation in the processing of Chinese characters and words: a functional MRI study. Hum Brain Mapp 10, 

16–27 (2000).
 41. Tan, L. H., Laird, A. R., Li, K. & Fox, P. T. Neuroanatomical correlates of phonological processing of Chinese characters and 

alphabetic words: a meta-analysis. Hum Brain Mapp 25, 83–91 (2005).
 42. Hecaen, H. & Sauguet, J. Cerebral dominance in left-handed subjects. Cortex 7, 19–48 (1971).
 43. Kushner, H. I. Why are there (almost) no left-handers in China? Endeavour 37, 71–81 (2013).
 44. Teng, E. L., Lee, P. H., Yang, K. S. & Chang, P. C. Handedness in a Chinese population: biological, social, and pathological factors. 

Science 193, 1148–1150 (1976).
 45. Oldfield, R. C. The assessment and analysis of handedness: the Edinburgh inventory. Neuropsychologia 9, 97–113 (1971).
 46. Power, J. D., Barnes, K. A., Snyder, A. Z., Schlaggar, B. L. & Petersen, S. E. Spurious but systematic correlations in functional 

connectivity MRI networks arise from subject motion. Neuroimage 59, 2142–2154 (2012).
 47. Van Dijk, K. R., Sabuncu, M. R. & Buckner, R. L. The influence of head motion on intrinsic functional connectivity MRI. Neuroimage 

59, 431–438 (2012).
 48. Nagata, S. I., Uchimura, K., Hirakawa, W. & Kuratsu, J. I. Method for quantitatively evaluating the lateralization of linguistic function 

using functional MR imaging. AJNR Am J Neuroradiol 22, 985–991 (2001).
 49. Seghier, M. L., Kherif, F., Josse, G. & Price, C. J. Regional and hemispheric determinants of language laterality: implications for 

preoperative fMRI. Hum Brain Mapp 32, 1602–1614 (2011).
 50. Salvador, R. et al. Neurophysiological architecture of functional magnetic resonance images of human brain. Cereb Cortex 15, 

1332–1342 (2005).
 51. Gao, Q. et al. Extraversion and neuroticism relate to topological properties of resting-state brain networks. Front Hum Neurosci 7, 

257 (2013).
 52. Schwarzkopf, D. S., De Haas, B. & Rees, G. Better ways to improve standards in brain-behavior correlation analysis. Front Hum 

Neurosci 6, 200 (2012).

Acknowledgements
The work is supported by the National Natural Science Foundation of China (61533006, 61573085, 11271001 
and 61370147), the 863 project (2015AA020505), the Fundamental Research Funds for the Central Universities 
(ZYGX2013Z004 and ZYGX2013Z005), and Science and technology support program of Sichuan Province 
(2015FZ0088).

Author Contributions
H.C. and C.Y. designed the research; J.W. and C.Y. performed the MRI experiment; Q.G., Z.T. and L.C. analyzed 
the data; and Q.G., Z.T., L.C. and J. L. wrote the manuscript.



www.nature.com/scientificreports/

1 2SCIENtIfIC RepoRTS | 7: 14056  | DOI:10.1038/s41598-017-14600-9

Additional Information
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://creativecommons.org/licenses/by/4.0/

	Language lateralization during the Chinese semantic task relates to the contralateral cerebra-cerebellar interactions at re ...
	Results
	Chosen seed regions. 
	Significantly different RSFC between seeds regions and the remaining brain voxels. 
	Correlations between RSFC and language lateralization. 

	Discussion
	Methods
	Subjects. 
	Experimental Paradigm. 
	Data Analyses. 
	Language lateralization assessment. 
	Functional connectivity networks. 
	Correlation analysis. 

	Acknowledgements
	Figure 1 Left: significantly different activated areas between LH and RH groups (FDR p < 0.
	Figure 2 Significantly stronger RSFC in LH than in RH (conjoint activated areas as seeds, Alphasim corrected p < 0.
	Figure 3 Schematic diagram of the RSFC difference between LH and RH groups.
	Figure 4 RSFC map of RH as a benchmark (Alphasim corrected p < 0.
	Figure 5 Group difference of the cerebral and cerebellar LI values between LH and RH.
	Figure 6 Significant correlations between RSFC and cerebral laterality index (LI) by Pearson correlation and Shepherd’s pi correlation analyses.
	Table 1 Chosen seed regions to calculate the RSFC between the seeds and the remaining brain voxels.
	Table 2 Local maxima of significantly different RSFC between LH and RH in differently activated regions.
	Table 3 Local maxima of significantly different RSFC between LH and RH in conjoint activated regions.




