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Abstract
Although it is well-established that human language functions are mostly lateralized to the left hemisphere of the brain,
little is known about the functional mechanisms underlying such hemispheric dominance. The present study investigated
intrinsic organization of the whole brain at rest, by means of functional connectivity and graph theoretical analysis, with
the aim to characterize brain functional organization underlying typical and atypical language dominance. We included
healthy left-handers, both those with typical left-lateralized language and those with atypical right-lateralized language.
Results show that 1) differences between typical and atypical language lateralization are associated with functional
connectivity within the language system, particularly with weakened connectivity between left inferior frontal gyrus and
several other language-related areas; and 2) for participants with atypical language dominance, the degree of lateralization
is linked with multiple functional connectivities and graph theoretical metrics of whole brain organization, including local
efﬁciency and small-worldness. This is the ﬁrst study, to our knowledge, that linked the degree of language lateralization to
global topology of brain networks. These results reveal that typical and atypical language dominance mainly differ in
functional connectivity within the language system, and that atypical language dominance is associated with whole-brain
organization.
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Introduction
It is now well-established that human language functions are
mostly lateralized to the left hemisphere of the brain. Left hemisphere language dominance has been observed for both the perception and production of speech, though the lateralization for
speech perception seems to be less pronounced than that for
production (Tzourio-Mazoyer et al. 2004; Van der Haegen and
Cai 2018). Little is known, however, about the mechanisms
underlying left language lateralization in the majority of healthy
people. One speculation has been that the functional lateralization of language is triggered by sensory input. A recent study

investigated whether the absence of sensory input could change
the hemispheric dominance of language (Van der Haegen et al.
2016). By assessing 7 congenital unilateral right-ear deaf participants, it was found that left hemisphere language dominance
was preserved in this group, at a degree comparable to normal
healthy populations. This suggests that the functional lateralization of language is not triggered by sensory input. Another line
of research has investigated whether “function depends on
structure.” However, no strong evidence has been found so far
for a link between functional lateralization of language and anatomical asymmetries (Greve et al. 2013; Leroy et al. 2015; see Van
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of left-handers with either typical (left dominant; Ld) or atypical (right dominant; Rd) language lateralization was included in
this study. The seed-based functional connectivity, functional
connectivity density (FCD) mapping (Tomasi and Volkow 2010,
2012), and graph theory analysis (Bullmore and Sporns 2009;
Rubinov and Sporns 2010) were performed on participants’
resting-state fMRI data to characterize their brains’ functional
organization in terms of functional connectivity and network
topology.

Methods
Participants
Participants were selected from a large group of 250 lefthanders, who had previously been screened using behavioral
visual hemi-ﬁeld tasks to assess hemispheric language dominance (Van der Haegen et al. 2011). Those who showed clear
left visual ﬁeld advantage (indicating right hemispheric dominance), and those with right visual ﬁeld advantage (i.e., left
hemispheric dominance) were selected for recruitment in the
current imaging study. Additionally, to better serve the purpose
of the study, only those with clear functional language lateralization, as measured by the Lateralization Index (LI) under a
speech production task (see below), were included (|LI| > 0.6). A
total of 37 left-handers initially took part, 22 with left language
dominance (Ld), and 15 with right language dominance (Rd). All
participants had no history of psychiatric or neurological disorders, and gave written informed consent. Due to excessive
head movement in the scanner, 4 Ld and 2 Rd were excluded.
The ﬁnal sample included 18 Ld (mean age 20.83, SD 2.94; 6
males) and 13 Rd (mean age 20.38, SD 2.81; 2 males).
Handedness was assessed using an adapted version of the
Edinburgh Handedness Inventory (Oldﬁeld 1971), in which
scores from −3 to −1 indicated a left manual preference. There
were no signiﬁcant differences between the 2 groups in age,
gender, handedness scores, or degree of language lateralization
(Fisher–Pitman permutation test; Table 1). The study was
approved by the Ethics Committee of the Ghent University
Hospital.

Word Generation Task and LI
A word generation task (WGT) was used to obtain the lateralization indices of speech production, to determine language
dominance. During 10 blocks of 15 s each, participants mentally
generated as many words as possible starting with a centrally
presented target letter (experimental condition) or to silently
repeat the nonexisting word “baba” (baseline condition).
Experimental and control blocks were alternated by 20 blocks
of 15 s rest. LI was calculated with the LI toolbox (Wilke and
Lidzba 2007) using bilateral inferior frontal regions (pars opercularis and pars triangularis) as regions of interest (ROIs), and a
Bootstrap method. The procedure of calculating LIs was the

Table 1 Characteristics of participant groups

Age (years)
Gender (M/F)
Handedness
Lateralization index
Notes: Data are presented as mean ± SD; range.

Ld (N = 18)

Rd (N = 13)

P-value

20.83 ± 2.94; 18~30
6/12
−2.41 ± 0.62; −3 ~ −0.9
0.78 ± 0.09; 0.64 ~ 0.94

20.38 ± 2.81; 18 ~ 29
2/11
−2.34 ± 0.78; −3 ~ −0.5
−0.81 ± 0.10; −0.93 ~ −0.62

>0.71
>0.41
>0.79
(abs.) >0.48
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der Haegen and Cai 2018 for an overview of the main anatomical
asymmetries in the human brain).
One reason for the difﬁculty in understanding the underlying mechanisms of functional lateralization is that the brain
operates as a whole. Lateralization refers to the dominant
hemisphere, which is by deﬁnition a dichotomous variable,
that is, 1 of 2 possible values (3 when taking into account
unclear dominance patterns). Practically, however, functions
are underlay by complex networks engaging many brain
regions, or, to put it in the extreme, brain regions composed of
any number of neurons up to 86 billion in the whole brain.
Therefore, analysis methods need to span the vast range in
scale, and be able to bring a panoramic view.
Another aspect is that, while most psychological and neuroimaging studies exclusively examined right-handed healthy
participants, the population with atypical functional lateralization involves mostly left-handed individuals, though the majority of left-handed individuals still show the typical left
hemisphere dominance for language (Knecht et al. 2000). Lefthanded populations with different language lateralization can
offer unique perspectives for understanding the organization of
language in the brain (Van der Haegen et al. 2012; Willems
et al. 2014). Along this line, previous studies reported that
visual word reading is consistently lateralized to the same
hemisphere as speech production no matter which side it is
(Cai et al. 2010; Van der Haegen et al. 2012), while complementary lateralization of speech production and visuospatial attention has also been found (Cai et al. 2013). These pieces of
evidence indicate that language dominance and lateralization
of other functions are not independent. In other words, when
speech production is shifted to the right hemisphere, related
functions would be expected to lateralize to the same hemisphere to achieve optimal information exchange, whereas
unrelated functions may reside in the contralateral hemisphere
(Cai et al. 2013). Given the tight relationships between these
functional lateralization, language dominance should be
related to the architecture of multiple functions and even
whole-brain organization. However, whether and how the shift
in language dominance is associated with changes in brain
functional organization is yet unknown. It is important, therefore, to include left-handed groups in functional studies to
understand how typical and atypical language dominance are
associated with brain organization in healthy participants.
In the current study, we aimed to investigate the neural
mechanisms of language dominance by looking at resting-state
functional connectivity among left-handers with either typical
or atypical language lateralization. Intrinsic brain organization
at resting state is important for understanding functional organization, since it not only reﬂects cognitive architecture (Smith
et al. 2009; Laird et al. 2011), but is also sensitive in capturing
brain organization deﬁned by anatomical connections (Honey
et al. 2009; Hermundstad et al. 2013) or even by correlated gene
expression (Richiardi et al. 2015). Speciﬁcally, a unique sample

Lateralization and Brain Organization

Image Acquisition and Preprocessing
Whole-brain images for the left-handers were acquired on a
3-T Siemens Trio MRI scanner (Siemens Medical Systems,
Erlangen, Germany) with an 8-channel head coil, at the Ghent
University Hospital. Anatomical images were obtained using a
T1-weighted 3D MPRAGE sequence (TR = 1550 ms, TE = 2.39 ms,
image matrix = 256 × 256, FOV = 220 mm, ﬂip angle = 9°, voxel
size = 0.9 × 0.9 × 0.9 mm3). Functional images were collected
using a T2*-weighted gradient-echo EPI sequence covering the
whole brain (TR = 2630 ms, TE = 35 ms, 40 axial slices, image
matrix = 64 × 64, FOV = 224 mm, ﬂip angle = 80°, slice thickness =
3.0 cm, distance factor = 17%). For each participant, resting-state
scanning lasted 7 min, with a total of 160 volumes scanned.
During the resting-state run, participants were instructed to lie
quietly with their eyes closed, and not to think of anything in
particular. Preprocessing of resting-state fMRI data was performed using AFNI software (Cox 1996). The ﬁrst 10 resting-state
volumes were removed. Extreme time-series outliers were
replaced through interpolation by using AFNI’s 3dDespike. Slicetiming and head motion were corrected. Volumes were then coregistered to the anatomical image, normalized to MNI space, and
resampled to 3 mm isotropic voxels. Nuisance regression was
performed by using the basic ANATICOR method (Jo et al. 2010).
The 6 head motion parameters, their derivatives and the ﬁrst 3
principal components of CSF signals were regressed out. A bandpass ﬁlter (0.01–0.1 Hz) was applied. Global signal was not included
in the nuisance regression given that this may introduce anticorrelation into the data (Murphy et al. 2009). Volumes with framewise displacement (FD) >0.3 mm or with >10% outliers of all
voxels were censored along with the volume prior. Participants
with >4% censored volumes or >0.1 mm averaged FD were
excluded from further analysis.

Imaging Data Analysis
To fully describe functional organization of the brain, 3 types of
functional connectivity measures were included, which are
seed-based functional connectivity (RSFC; to examine functional organization at the region-to-region level), FCD (to examine functional organization at the region-to-brain level), and
graph theoretical measures (to examine functional organization at the whole-brain level).
RSFC and FCD
A gray matter mask was extracted from the MNI-152 template
(AFNI’s MNI152_2009_template), and then intersected with its
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ﬂipped version to make a symmetrical mask. This symmetrical
gray matter mask was spatially unbiased for both Ld and Rd
groups, and was used as gray matter mask for next analysis.
Two seed ROIs, namely bilateral inferior frontal regions (pars
opercularis and pars triangularis), were deﬁned through the
procedure described previously (Van der Haegen et al. 2012),
and constrained by the symmetrical gray matter mask (see Fig.
S1). The mean time-series of each seed were calculated by averaging all voxels within the seed region, and then submitted
into the next step for estimating seed-based voxel-wise resting
state functional connectivity (RSFC) maps for each subject by
using AFNI’s 3dTcorr1D. These seed-based RSFC maps were
converted to z-value maps through Fisher’s r-to-z transformation for further statistical analysis. Unlike seed-based functional connectivity, the FCD mapping approach allows us to
capture the functional role (hubness) of a given region within
the entire voxel-wise functional network and not just pairwise
relationships between the given regions and other voxels in the
brain. Three measures of FCD were estimated to characterize
the network proﬁle for each gray matter voxel, which are global
FCD (i.e., degree centrality; gFCD), local FCD (lFCD), and longrange FCD (lrFCD; Tomasi and Volkow 2010, 2012; Craddock
et al. 2016). Local (short-range) FCD reﬂects the functional hubness of a voxel within its locally connected cluster, while longrange FCD is deﬁned as lrFCD = gFCD – lFCD, which reﬂects the
functional hubness of a voxel with other distal voxels. The
lFCD and lrFCD can capture the detailed hubness of a region
(locally or distally) beyond the global FCD.

Graph Theoretical Analysis
The graph theoretical analysis used a set of 402 symmetrical
ROIs (Di402) covering gray matter of the whole brain, with a
radius of 7 mm (Di et al. 2014). These ROIs (Di402) were constrained by the symmetrical gray matter mask—ROIs with less
than 10 voxels within the gray matter mask were removed—
resulting in 322 nodes. ROI-to-ROI correlation matrices were
calculated by using AFNI’s 3dNetCorr (Taylor and Saad 2013),
these Fisher-z-transformed matrices were then thresholded
into an undirected binary matrix with a wide range of densities
from 6% to 54% at intervals of 1%. The upper bound (54%)
approximated the minimum density (54.77%) among densities
of all individual networks excluding negative connections. The
lower bound (6%) is the sparsest density at which the relative
size of largest connected component (scale to maximum) of
each individual network was higher than 90%, with no signiﬁcant between-group difference. Several key global graph
metrics were calculated to characterize network topology in
terms of functional integration (global efﬁciency), functional
segregation (local efﬁciency and modularity), and the balance
between functional integration and segregation (small-world
parameters). The local efﬁciency, global efﬁciency, clustering
coefﬁcient, and characteristic path length were normalized to
the averaged value of the same measure in 100 null networks.
Small-worldness (σ) is estimated by the ratio of normalized
clustering coefﬁcient (γ) and normalized characteristic path
length (λ). Degree distributions were ﬁtted for describing the
network hubness and overall organization. Degree distribution
competing models included a power law, P(k) ∼ k-α, an exponential law, P(k) ∼ e−αk, and an exponentially truncated power law,
P(k) = kα−1ek/β; goodness-of-ﬁt was compared using Akaike’s
information criterion (AIC). The mean Euclidean distance (d)
over all pairs of connected regions was also calculated to
describe spatial patterns of connections. Graph theory analysis
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same as for our previous study (Van der Haegen et al. 2012).
Brieﬂy, bootstrapped samples were taken in the left and right
ROIs at a series of activation thresholds, only the central 50% of
LI combinations of each individual were retained to avoid the
inﬂuence of statistical outliers. A weighted mean LI were then
calculated. Higher thresholds received higher weights in the
resulting index to minimize the inﬂuence of arbitrarily chosen
thresholds. The WGT was part of the acquisition of a large
database including 7 other cognitive tasks in the scanner and a
set of behavioral tasks, which are not further discussed in the
present work. The mean LI for Ld was 0.78 (SD = 0.09), ranging
from 0.64 to 0.94, with a higher value indicating more leftward
inferior frontal gyrus (IFG) activation for speech production.
The mean LI for Rd was −0.81 (SD = 0.10), ranging from −0.93 to
−0.62, with a higher absolute value indicating more rightward
IFG activation for speech production.
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was performed using the Brain Connectivity Toolbox (https://
www.nitrc.org/projects/bct/) and the “brainwaver” package in R
(https://cran.r-project.org/web/packages/brainwaver/).

Results
Functional Connectivity
Left IFG and right IFG were used as seeds to perform seedbased RSFC analysis. The mean RSFC patterns of left IFG are
shown in Figure 1A. For both groups, left IFG showed highest
connectivity with its neighbor regions in left frontal cortex, and
contralateral frontal regions. The left temporal region, left parietal region, and left ventral occipito-temporal region were also
strongly connected with left IFG, demonstrating the intrinsic
organization of the language system for both Ld and Rd groups
(Fig. 1A). However, signiﬁcant between-group differences were
found in RSFC maps of left IFG seed (Fig. 1B, AlphaSim <0.05
with P < 0.01 and k > 117 face-to-face voxels), which revealed
that RSFC with bilateral angular gyrus (AG), bilateral precuneus,
right middle temporal gyrus (MTG), and left inferior parietal
lobule (IPL, part of the left AG cluster) were stronger in Ld group
than in Rd group. For right IFG seed, the RSFC patterns were
similar in Ld and Rd groups, and no signiﬁcant between-group
difference was found. Three FCD measures (gFCD, lFCD, and
lrFCD) were estimated for each gray matter voxel, and there
was no signiﬁcant between-group difference. These results
demonstrated that the shift of language dominance is mainly
associated with the functional connectivity proﬁle of left IFG,
and mainly involved language-related regions such as bilateral
AG, right MTG, and left IPL.

Relationship Between LI and Functional Connectivity
Measures
To explore the within-group effects of language lateralization
on functional connectivity, we carried out correlation analyses
on seed-based RSFC maps and FCD maps. The results showed
signiﬁcant Spearman’s correlations (ρ) between LI and several
functional connectivity measures in Rd group, but not in Ld
group (Fig. 2 and Table 2, P < 0.01 and k > 80 face-to-face voxels). In Rd group, the results revealed that functional connectivity between the right IFG seed and left insula lobe was

Network Topology and Its Relations With LI
In terms of network topology, each individual network showed
a small-world organization (σ > 1) and an exponentially truncated power law of degree distribution (Fig. 3). The exponentially truncated power law has 2 ﬁtting parameters—the power
law exponent α and the exponential cutoff β. The 2 parameters
α and β indicate the shape of degree distribution, for example,
increased α and reduced β indicate that the probability of high
degree node is reduced. While the group-comparison results
showed no signiﬁcant differences in any graph measures (see
Table S1). However, a number of graph measures were signiﬁcantly correlated with LI in Rd group (Fig. 4 and Table 3).
Normalized local efﬁciency (Eloc) was positively correlated with
LI (Spearman’s ρ = 0.69 at sparsest density, and ρ = 0.76 for
AUC), and normalized clustering coefﬁcient (γ) was also positively correlated with LI (Spearman’s ρ = 0.73 at sparsest density, and ρ = 0.72 for AUC). Due to the strong correlation
between normalized clustering coefﬁcient (γ) and LI and the
absence of relation between normalized characteristic path
length (λ) and LI, it is not surprising that network smallworldness (σ) was positively correlated with LI (Spearman’s ρ =
0.7 at sparsest density, and ρ = 0.73 for AUC). In short, the
results demonstrate that the greater the degree of atypical language lateralization (to the right hemisphere), the greater the
extent of network segregation (local efﬁciency or clustering
coefﬁcient) and network small-worldness. Another graph measure of network segregation, modularity (Q), was also positively
correlated with LI at sparsest density. Additionally, 2 ﬁtting
parameters of degree distribution, the power law exponent α
and the exponential cutoff β, were signiﬁcantly correlated with
LI at sparsest density. The results showed that increased rightward laterality is related to higher α and lower β of degree distribution, indicating reduced probability of high degree hubs
(ρ = 0.6 for α; ρ = −0.6 for β).
Furthermore, to conﬁrm the above results, 2 additional functionally deﬁned ROI sets (Craddock400 and Craddock600) were
extracted from the Craddock parcellations (Craddock et al.
2012), and used for the graph theoretical analysis with 337
nodes and 478 nodes respectively, after constraining by gray
matter mask. Similar results were obtained by using the 2 additional schemes of network nodes, with no signiﬁcant betweengroup difference and signiﬁcant correlations between several
graph theoretic measures and LIs in Rd group (see Table 3 for
details) (Fig. 4).

Discussion
Using resting-state fMRI, we compared the functional brain
organization of 2 groups of participants—left-handers with typical left language dominance and left-handers with atypical
right language dominance. The main ﬁndings are summarized
as follows. First, seed-based functional connectivity revealed
that the shift in language dominance is associated with RSFC of
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Statistical Analyses
All individual seed-based RSFC z-value maps and FCD maps
were ﬁrst spatially smoothed with FWHM of 8 mm, and used as
dependent variables in the subsequent linear regression model:
Y = β0 + β1 × group + β2 × age + β3 × gender + β4 × handedness +
ε. We used 3dttest++ to carry out the group-level analyses and
group comparisons, and included age, sex, and handedness as
covariates to be controlled. The newest ClustSim method was
used with 3dttest++ for multicomparison correction. The residual maps derived from the model were used for calculating
Spearman’s ρ between LI and functional connectivity measure
by using 3dTcorr1D. For graph measures, statistical analyses
were performed on the values at the sparsest density (6%), and
the area under the curve (AUC) across the whole range of densities. Between-group comparisons were carried out via Fisher–
Pitman permutation test with Monte Carlo simulation of
100 000 times. For the Rd group, correlations between LI and
functional connectivity measures were calculated using the
absolute values of LIs to aid interpretation, since their original
LIs are negative.

negatively related to LI (Spearman’s ρ = −0.83 for the mean
RSFC in left insula cluster), while functional connectivity
between the right IFG seed and left MTG (Spearman’s ρ = 0.74
for the mean RSFC in left MTG cluster) or left AG (Spearman’s
ρ = 0.8 for the mean RSFC in left AG cluster) were positively
related to LI. The results also showed that gFCD of right fusiform gyrus was positively related to LI, and lFCD of left precuneus was negatively related to LI.

Lateralization and Brain Organization
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top to bottom). The mean RSFC in Rd group was showed in the lower panel. (B) Between-group difference in RSFC of left IFG seed (AlphaSim <0.05, with P < 0.01 and
k > 117 face-to-face voxels). Compared with Rd group, the results show that Ld group has higher functional connectivity between left IFG and bilateral angular gyrus
(AG), bilateral precuneus, right middle temporal gyrus (MTG), and left inferior parietal lobule (IPL).

left IFG with bilateral AG, with bilateral precuneus, with right
MTG, or with left IPL, indicating that differences between typical and atypical language lateralization are reﬂected in the
functional connectivity within the language system. Second,
FCD and graph theoretical analysis showed no signiﬁcant
between-group difference, suggesting that the shift in language
dominance is unrelated to global properties of brain organization. Third, the degree of language lateralization in the atypical
group was found to be associated with RSFC of right IFG, gFCD,
lFCD, and several graph measures of network topology, indicating that atypical language dominance has a link with wholebrain organization.
In regard to differences between typical and atypical language dominance, the results of reduced connectivity between
left IFG and language-related regions in the Rd group suggest
that atypical language dominance is associated with a weakened link between left IFG and leftward language system,
including left AG and left inferior parietal regions connected by
arcuate fasciculus (Catani et al. 2005), and right temporal cortex
(right AG and right MTG). It is worth noting that there is no signiﬁcant between-group difference in RSFC of right IFG, suggesting that right IFG in Rd group is not a functionally equivalent
region as left IFG in Ld group, and that the language system in
Rd group might involve language areas distributed in the 2
hemispheres but not directly shifted to the right hemisphere.
This ﬁnding also suggests that there might be potential alterations in arcuate fasciculus among people with atypical language dominance. There is scope, therefore, for future studies
to further investigate the structural connectivity of these
language-related regions, particularly by examining white matter axon bundles or tracts, which have not been studied in

previous work in relation to language lateralization. High
Angular Resolution Diffusion Imaging (HARDI), for example,
could be employed to provide more robust delineation of white
matter tracts. Through the combined analysis of functional and
structural connectivity, we would be able to investigate the
neural mechanisms underlying language dominance in greater
depth.
Within the atypical Rd group, we found relationships
between the degree of language lateralization (as indicated by
LI) and several functional connectivity measures. Increased
rightward laterality was associated with higher connectivity of
right IFG to left MTG and left AG, indicating a strengthened link
between right IFG and leftward language system. Given the
between-group differences aforementioned, these results suggest an altered language system in Rd in terms of functional
connectivity. Higher degree of rightward laterality was also
associated with decreased connectivity between right IFG and
left insula. Left insula has been reported to play a role in speech
production of the leftward language system (Oh et al. 2014),
and to be linked with Broca’s area directly as an interface
between Broca’s area and cerebellum/basal ganglion (Eickhoff
et al. 2009). When speech production shifted to the right hemisphere, right IFG could reduce functional connection with left
insula while enhancing functional connection with right insula
to maintain normal functions.
Additionally, gFCD and lFCD were associated with degree of
lateralization in the Rd group. Speciﬁcally, higher gFCD in right
fusiform gyrus was associated with increased rightward laterality, while higher lFCD in left precuneus was associated with
reduced rightward LI. Because of the colateralization of speech
production and word reading (Van der Haegen et al. 2012),
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Figure 1. (A) The mean RSFC patterns of left IFG. The mean RSFC in Ld group was showed in the upper panel with lateral view, medial view, and ventral view (from
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Figure 2. Relationships between language lateralization index and several functional connectivity and FCD measures (Spearman’s ρ, P < 0.01 and k > 80 faceto-face voxels) in Rd group. (A) Functional connectivity between right IFG and
left insula lobe was negatively correlated with LI, while functional connectivity
between right IFG and left middle temporal gyrus (MTG) and left angular gyrus
(AG) was positively correlated with LI. (B) global FCD in right fusiform gyrus was
positively correlated with LI. (C) local FCD in left precuneus was negatively correlated with LI.

Table 2 Relationships between LI and functional connectivity measures in Rd group
MNI coordinates
(center of mass)

RSFC of right IFG seed
Left insula lobe
Left middle temporal gyrus
Left angular gyrus
Global FCD
Right fusiform gyrus
Local FCD
Left precuneus

Volume (mm3)

X

Y

Z

−42.2
−61.8
−45.6

11.5
−41.5
−67.2

4.2
−13.1
37.1

4347
3348
3159

26.6

−61.6

−10.4

2187

−5.2

−54.3

36.1

3672

increased rightward language dominance means more rightward word reading function, with higher involvement of right
fusiform gyri. This atypical pattern might involve the right fusiform being functionally linked with numerous regions (such as
face-processing regions and language system), resulting in a
high amount of functional connections (gFCD). Precuneus has
been reported to be involved in a number of cognitive functions
such as visuospatial imagery, episodic memory retrieval and
self-consciousness (Cavanna and Trimble 2006), and to be a
functional hub in resting-state default-mode network (Raichle
et al. 2001; Cavanna and Trimble 2006; Utevsky et al. 2014), and
that task (compared with rest) might evoke increased

connectivity between the precuneus and the left frontoparietal
network (Utevsky et al. 2014). The relationship between lFCD of
left precuneus and LI in Rd group, along with the betweengroup difference in bilateral precuneus, gives us a hint that
atypical language dominance might be associated with alterations of functional organization beyond the language system.
In terms of graph theoretical metrics, the observation of
strong correlations between graph measures and LI in Rd is
encouraging, since this is, to our knowledge, the ﬁrst study
showing brain network organization mechanisms underlying
the degree, and not only the side, of language lateralization. For
the Rd group, LI was signiﬁcantly correlated with local efﬁciency (and clustering coefﬁcient), that is, increased rightward
laterality was associated with increased local efﬁciency of the
whole-brain network. Local efﬁciency is related to fault tolerance at the local scale (Latora and Marchiori 2001), where higher local efﬁciency represents greater capacity of maintaining
local communication in the topological network. Numerous
studies have demonstrated that decreased local efﬁciency or
clustering coefﬁcient is associated with brain disorders, such as
Alzheimer’s disease (Supekar et al. 2008; Brier et al. 2014),
Parkinson’s disease (Luo et al. 2015), and schizophrenia (Liu
et al. 2008; Alexander-Bloch et al. 2010; Lynall et al. 2010; Lo
et al. 2015). Increased local efﬁciency (clustering coefﬁcient)
with unchanged global efﬁciency (characteristic path length)
means increased small-worldness of brain networks, and this
linked strong atypical language dominance to a more efﬁcient
and balanced network organization compared with weak atypical dominance.
The relationship between degree distribution ﬁtting parameters (i.e., α and β) and LI also indicated that stronger atypical
language dominance is associated with better brain network
organization. The results of degree distribution demonstrated
that participants with higher rightward laterality have reduced
probability of high degree hubs. Brain network hubs have been
associated with higher cerebral blood ﬂow, metabolism, and
energy demands (Vaishnavi et al. 2010; Liang et al. 2013;
Tomasi et al. 2013), and increased sensitivity to brain disorders
(Buckner et al. 2009; Crossley et al. 2014; Fornito et al. 2015).
Hence, reduced probability of high degree hubs could mean
reduced biological costs and risk. Putting these together with
the absence of relationships between LI and graph measures in
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Figure 3. Cumulative degree distributions were best ﬁtted by an exponentially
truncated power law for both groups.
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Table 3 Relationships between LI and graph measures in Rd group
Sparsest density
Craddock400 (7%)

Craddock600 (6%)

Di402 (6–54%)

Craddock400 (7–57%)

Craddock600 (6–55%)

0.60+
−0.60+
0.69*
0.73*
0.70*
0.69*
−0.55

0.43
−0.43
0.53
0.60+
0.61+
0.48
−0.45

0.56
−0.56
0.70*
0.66*
0.69*
0.79*
−0.45

0.18
−0.27
0.76*
0.72*
0.73*
−0.12
−0.53

0.13
−0.23
0.71*
0.60+
0.55
−0.26
−0.56

0.12
−0.27
0.77*
0.59+
0.55
−0.10
−0.54

Notes: Data are presented as Spearman’s ρ (FDR correction, *p < 0.05, +P < 0.08).

Figure 4. Relationships between language lateralization index and global graph measures (local efﬁciency, clustering coefﬁcient, and small-worldness) at sparsest
density (top row), and across the range of densities (area under the curve, AUC; bottom row).

the Ld group, we postulate that when the brain is atypically
organized at the functional level, it might be protective to fully
reverse the lateralization, rather than having weak lateralization, to minimize biological costs and avoid failure in functional organization. Additionally, our ﬁndings point to the
importance of examining the degree of lateralization, in addition to the direction, in laterality studies. While most language
functions show the same lateralization pattern in most
humans, the degree of laterality can differ across functions and
across individuals (Van der Haegen and Cai 2018). As such, the
degree and direction of lateralization may not be “2 sides of the
same coin,” but instead are 2 discrete variables. Differences in
degree may, therefore, provide additional insights into the
mechanisms underlying hemispheric dominance of functions.
A limitation in the current study is the left-handedness of our
sample, and so does not allow examination of the effect of handedness and interaction between handedness and language dominance. Recent resting-state studies reported that intrahemispheric

connectivity asymmetries are mainly associated with hemispheric
lateralization for language, but also shaped by handedness (Joliot
et al. 2016; Tzourio-Mazoyer et al. 2016). However, this is a tradeoff for us since right-handers with atypical language dominance
are rare, and it would be clearer when we focus on language dominance rather than considering language dominance and handedness. Secondly, we did not perform voxel-wise graph theory
analysis due to limited computing resource, instead we carried out
FCD mapping and ROI-based graph theory analysis.
In sum, our results show that typical and atypical language
dominance differ in functional connectivity between left IFG
and mostly language-related regions, but not in global properties of whole-brain organization. Within the group with atypical language dominance, the degree of language lateralization
was associated with local efﬁciency and small-worldness of
brain networks, as well as several functional connectivity and
FCD measures, indicating a link with whole-brain organization.
Our ﬁndings point to the importance of examining the degree
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