Neurolmage 54 (2011) 191-202

Contents lists available at ScienceDirect

Neurolmage

journal homepage: www.elsevier.com/locate/ynimg

Hemisphere- and gender-related differences in small-world brain networks:
A resting-state functional MRI study

Lixia Tian ¢, Jinhui Wang °, Chaogan Yan ", Yong He P*

2 Department of Biomedical Engineering, School of Computer Science and Information Technology, Beijing Jiaotong University, Beijing, 100044, China
b State Key Laboratory of Cognitive Neuroscience and Learning, Beijing Normal University, Beijing, 100875, China

ARTICLE INFO ABSTRACT

Article history:

Received 2 June 2010

Revised 25 July 2010

Accepted 27 July 2010
Available online 3 August 2010

We employed resting-state functional MRI (R-fMRI) to investigate hemisphere- and gender-related differences in
the topological organization of human brain functional networks. Brain networks were first constructed by
measuring inter-regional temporal correlations of R-fMRI data within each hemisphere in 86 young, healthy,
right-handed adults (38 males and 48 females) followed by a graph-theory analysis. The hemispheric networks
exhibit small-world attributes (high clustering and short paths) that are compatible with previous results in the
whole-brain functional networks. Furthermore, we found that compared with females, males have a higher
normalized clustering coefficient in the right hemispheric network but a lower clustering coefficient in the left
hemispheric network, suggesting a gender-hemisphere interaction. Moreover, we observed significant
hemisphere-related differences in the regional nodal characteristics in various brain regions, such as the frontal
and occipital regions (leftward asymmetry) and the temporal regions (rightward asymmetry), findings that are
consistent with previous studies of brain structural and functional asymmetries. Together, our results suggest that
the topological organization of human brain functional networks is associated with gender and hemispheres, and
they provide insights into the understanding of functional substrates underlying individual differences in
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behaviors and cognition.
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Introduction

The human brain is asymmetric in terms of structure and function
(for a review, see Toga and Thompson, 2003). The structural
asymmetries of the brain have been well-documented. For example,
besides the well-known frontal (right>left) and occipital (left>right)
petalias (Watkins et al., 2001; Lancaster et al., 2003; Narr et al., 2007),
leftward volume asymmetries have been consistently observed in brain
regions specialized for language (Good et al., 2001; Pujol et al,, 2002).
Functional asymmetries of the brain have been repeatedly reported to
exist in a variety of functions such as language, motor, and visuospatial
processing (for a review, see Toga and Thompson, 2003). It has been
suggested that alterations of brain asymmetries are associated with
behavior changes in normal aging (Kovalev et al., 2003; Bergerbest et al.,
2009) and in various neuropsychiatric and neurological diseases such
as schizophrenia (Bilder et al., 1999; Niznikiewicz et al., 2000; Sommer
etal, 2001; Narr et al., 2001; Bleich-Cohen et al., 2009), stroke (Liepert
et al., 2000; Tecchio et al., 2006a,b, 2007) and dyslexia (Leonard et al.,
2001; Heim et al., 2003; Leonard and Eckert, 2008).
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Some aspects of brain asymmetries also interact with gender.
Research in gender-related differences in brain asymmetries began
several decades ago. Kulynych et al. (1994) reported that males have a
greater structural asymmetry of the plenum temporal than females.
Hiscock et al. (1994, 1995) demonstrated that the male brain is more
functionally lateralized or asymmetric in visual and auditory areas than
the female brain. Shaywitz et al. (1995) observed that phonological
processing aroused activation in the left inferior frontal gyrus (IFG) in
males, but the bilateral IFG was activated in females. Closely related to
these results, gender differences have also been demonstrated in
behaviors. Statistically, males perform better in right-lateralized
visuospatial perception processing, whereas females have advantages
in the left-lateralized language processing (Hamilton, 2008). The gender
differences in brain asymmetries have been suggested as the underlying
origin of gender differences in lateralized behaviors (Kimura, 1999).

Despite the advances in brain asymmetry research, however, little
is known about whether there are differences in the topological
organization of brain networks between the hemispheres and
whether those differences are related to gender. Graph theoretical
analysis provides a powerful tool to characterize the topological
organization of complex networks, and it has recently been applied to
the study of human brain networks in health and disease (for reviews,
see Bullmore and Sporns, 2009; Bassett and Bullmore, 2009; He et al.,
2009a; He and Evans, 2010). Using graph theoretical approaches,
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researchers have demonstrated that the structural and functional
networks of the human brain constructed by a variety of neuroima-
ging modalities (e.g., structural MRI, functional MRI, and diffusion
MRI) have non-trivial topological attributes such as the small-world
property (high clustering and short path lengths linking different
nodes [Watts and Strogatz, 1998]) (Salvador et al.,, 2005; Achard et al.,
2006; Hagmann et al., 2007; He et al., 2007), high network efficiency
at a low wiring cost (Achard et al., 2006; He et al., 2009b), and highly
connected network hubs (Achard et al., 2006; He et al., 2007; Bassett
et al., 2008; Hagmann et al., 2008; Gong et al., 2009a; He et al., 2009c¢).
It is noteworthy that almost all of these previous studies of
brain networks focused on whole-brain level graphic analyses. To
date only one study examined hemisphere-related differences in the
topological organization of structural brain networks in right-handed
subjects using diffusion-weighted MRI tractography; it was found
that the right hemisphere is more efficient and interconnected than
the left hemisphere (Iturria-Medina et al., in press). However, no
study has reported hemisphere-related differences in the topological
organization of brain functional networks. Moreover, very little is
known about whether the topological organization is associated with
gender.

Here, we utilized resting-state functional MRI (R-fMRI) to investi-
gate hemisphere- and gender-related differences in the organizational
patterns of functional networks in the human brain. R-fMRI has recently
attracted considerable attention as a novel, non-invasive way to
measure intrinsic or spontaneous activity in the brain (Biswal et al.,
1995; for reviews, see Fox and Raichle, 2007; Zhang and Raichle, 2010).
Advances in graph theoretical analysis of R-fMRI data have allowed us to
map the topological organization of brain functional networks under
normal and pathological conditions (for reviews, see Bullmore and
Sporns, 2009; He et al., 2009a; Bassett and Bullmore, 2009; He and
Evans, 2010; Wang et al., 2010). In this study, we sought to determine
whether there are small-world attributes and high network efficiency
within each hemisphere and whether these topological properties show
hemisphere- or gender-related differences. To address these issues, we
acquired R-fMRI data of 86 young, healthy, right-handed adults, and
parcellated the brain into 90 cortical and subcortical regions according to
a prior brain atlas (Tzourio-Mazoyer et al.,, 2002). Then we constructed
brain functional networks by thresholding temporal correlations of
spontaneous activity between any pairs of brain areas within each
hemisphere and calculated the global and regional nodal parameters, as
well as the asymmetries of these parameters. Finally, hemisphere- and
gender-related differences in these network parameters were statisti-
cally evaluated.

Materials and methods
Subjects

Data were selected from a large sample resting-state fMRI dataset of
our group, which has been publicly released in the “1000 Functional
Connectomes” Project (http://www.nitrc.org/projects/fcon_1000/)
(Biswal et al., 2010). We selected 86 young healthy volunteers (48
females: 20.8+ 1.6 years old, range 18-25; and 38 males: 20.7 +
1.7 years old, range 17-25) with head motion less than 2.0 mm
displacement in any of the X, y, or z directions or 2.0° of any angular
motion throughout the resting-state scan. All are right-handed and
had no history of neurological and psychiatric disorders. Written
informed consent was obtained from each participant, and the study
was approved by the Institutional Review Board of Beijing Normal
University Imaging Center for Brain Research. During the resting state,
the subjects were instructed to keep still with their eyes closed but
not fall asleep, remain as motionless as possible, and to think of
nothing in particular. All the subjects had not fallen asleep according to
a simple questionnaire after the scan.

Imaging acquisitions and data preprocessing

Resting data were obtained using a 3.0 T Siemens scanner at the
Imaging Center for Brain Research, Beijing Normal University. A total
of 240 volumes of EPI images were obtained axially (repetition time,
2000 ms; echo time, 30 ms; slices, 33; thickness, 3 mm; gap, 0.6 mm;
field of view, 200x200 mm?; resolution, 64x64; flip angle, 90°).
Other images not used in the present study will not be described here.

Prior to preprocessing, the first 10 volumes were discarded to allow
for scanner stabilization and the subjects’ adaptation to the environ-
ment. R-fMRI data preprocessing was then conducted by SPM5
(http://www.fil.ion.ucl.ac.uk/spm/) and Data Processing Assistant
for Resting-State fMRI (DPARSF) (Yan and Zang, 2010). Briefly, the
remaining functional scans were first corrected for within-scan
acquisition time differences between slices, and then realigned to
the first volume to correct for inter-scan head motions. This realigning
step provided a record of head motions within each fMRI run.
Subsequently, the functional scans were spatially normalized to a
standard template (Montreal Neurological Institute) and resampled to
3x3x3 mm?>. The waveform of each voxel was finally passed through a
band-pass filter (0.01-0.1 Hz) to reduce low-frequency drift and high-
frequency physiological noise.

Construction of brain functional networks

To construct brain functional networks in this study, we first
employed an automated anatomical labeling (AAL) atlas (Tzourio-
Mazoyer et al., 2002) to parcellate the brain into 90 regions of interest
(ROIs) (45 in each hemisphere). The names of the ROIs and their
corresponding abbreviations are listed in Table 1. The time series was
acquired on each ROI by averaging the signals of all voxels within that
region and then linearly regressing out the influences of head motion
and global signals. By calculating the Pearson correlation coefficient in
the residual time courses between each pair of ROIs within the same

Table 1
The names and the corresponding abbreviations of the regions of interest (ROIs).

Region Abbreviation Region Abbreviation

Precentral gyrus PreCG Lingual gyrus LING

Superior frontal gyrus SFGdor Superior occipital gyrus  SOG
(dorsal)

Orbitofrontal cortex ORBsup Middle occipital gyrus MOG
(superior)

Superior frontal gyrus SFGmed Inferior occipital gyrus 10G
(medial)

Orbitofrontal cortex ORBmed Fusiform gyrus FFG
(medial)

Middle frontal gyrus MFG Postcentral gyrus PoCG

Orbitofrontal cortex ORBmid Superior parietal gyrus SPG
(middle)

Inferior frontal gyrus IFGoperc Inferior parietal lobule IPL
(opercula)

Inferior frontal gyrus [FGtriang Supramarginal gyrus SMG
(triangular)

Orbitofrontal cortex ORBinf Angular gyrus ANG
(inferior)

Rolandic operculum ROL Precuneus PCUN

Supplementary motorarea SMA Paracentral lobule PCL

Olfactory OLF Caudate CAU

Rectus gyrus REC Putamen PUT

Insula INS Pallidum PAL

Anterior cingulate gyrus ACG Thalamus THA

Middle cingulate gyrus ~ MCG Heschl gyrus HES

Posterior cingulate gyrus PCG Superior temporal gyrus STG

Hippocampus HIP Temporal pole (superior) TPOsup
Parahippocampal gyrus ~ PHG Middle temporal gyrus ~ MTG
Amygdala AMYG Temporal pole (middle) TPOmid
Calcarine cortex CAL Inferior temporal gyrus  ITG
Cuneus CUN
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hemisphere, two 45 x 45 correlation matrices were obtained for each
subject, one for the left hemisphere and the other for the right
hemisphere. Correlation coefficients represent the functional connec-
tivity strength between the ROIs within the same hemisphere. Finally,
each correlation matrix was thresholded into a binarized matrix
with a fixed sparsity value (defined as the total number of edges in
a network divided by the maximum possible number of edges).
Setting a sparsity-specific threshold ensured that the networks of
both hemispheres had the same number of edges or wiring cost.
Specifically, we thresholded each correlation matrix repeatedly over a
wide range of sparsity (10%<s<46%) at the intervals of 0.01. This
range of sparsity was chosen to allow prominent small-world
properties in brain networks to be observed (Watts and Strogatz,
1998) (for details, see the Results section). Through this thresholding,
unweighted graphs were obtained with the nodes representing brain
regions and the edges representing functional relationships between
brain regions. Further network analysis was based on the two sets of
45 x 45 binarized matrices for each subject.

Network analysis

Global network parameters

Six network metrics, including four small-world parameters
(clustering coefficient, C,, characteristic path length, L,, normalized
clustering coefficient, yy, and normalized shortest path length, A) and
two efficiency parameters (global efficiency, Ego5, and local efficiency,
Eic), were adopted to characterize the global topological organization
of brain networks. These six parameters were referred to as global
network parameters. For a given graph G with N nodes, the clustering
coefficient G, is defined as (Watts and Strogatz, 1998):
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where Dyoq(i) is the degree (defined as the number of edges
connected to the node) of node i, and E; is the number of edges in

G;, the subgraph consisting of the neighbors of node i. The
characteristic path length L, is defined as (Newman, 2003):
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where Lj is the shortest path length between nodes i and j. The global
efficiency Egjop is defined as (Latora and Marchiori, 2001):
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The local efficiency of G is measured as (Latora and Marchiori,
2001):
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where Egjop(i) is the global efficiency of G;. Of the four parameters, G,
and E;, measure the local cliquishness of a network, and L, and Egp,
measure the overall routing efficiency of a network.

To examine the small-world properties, the normalized clustering
coefficient y=Cy/Cy™ and the normalized characteristic path
length A = Li?%!/ [;*™ were computed (Watts and Strogatz, 1998). C*!
and L% are the clustering coefficient and the characteristic path
length of real networks, and C;"™ and L™ represent the means of
corresponding indices derived from 100 matched random networks
that preserve the same number of nodes, edges, and degree
distribution as the real networks (Maslov and Sneppen, 2002; Milo
et al, 2002). Typically, a small-world network should meet the
following criteria: y>1 and A~1(Watts and Strogatz, 1998), or
o="y/A>1 (Humphries et al., 2006).

Regional nodal parameters
To examine the regional characteristics of brain functional
networks we considered three nodal metrics: the nodal degree
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Fig. 1. Small-world properties of the hemispheric functional networks. The graphs show the changes in the yy and A as a function of sparsity thresholds. The y and A were evaluated on
the subjects’ hemispheric networks and then averaged over the networks of the same subgroup: female left hemispheric networks; female right hemispheric networks; male left
hemispheric networks; and male right hemispheric networks. At a wide range of sparsity, all the networks have an average vy of greater than 1 and an average A of nearly 1, which

implies prominent small-world properties.
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(Dpog), the nodal efficiency (E,.q), and the nodal betweenness
centrality (Np.). The nodal degree of a node i is defined as:

Dnod(i) = Z €jj (5)

J#IEG

where e;; is the (ij)th element in the formerly obtained binarized
correlation matrix. The nodal efficiency of a node i is defined as
(Achard and Bullmore, 2007):
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The betweenness centrality of a node i is defined as (Freeman,
1977):
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where &j is the number of shortest paths from node j to node k, and &;(i)
is the number of shortest paths from node j to node k that pass through
node i within graph G. N,.(i) measures the influence of node i over
information flow between other nodes in the whole network.

As for each network, we computed six global network parameters
and three regional nodal parameters. To investigate the hemisphere-
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Fig. 2. The global efficiency (Egp) (A) and local efficiency (Ejo) (B) of the hemispheric functional networks. The graphs show the changes in the Ego5 and Ej, as a function of sparsity
thresholds. The Eg,, and Ejo were evaluated on the subjects’ hemispheric networks and then averaged over the networks of the same subgroup. At a wide range of sparsity, all the
networks have average Eg o, comparable to that of the matched random networks and average Ej,. larger than that of the matched random networks.
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Table 2
Hemisphere and gender effects on global network parameters revealed by two-way
repeated-measures ANOVA.

Cp Lp Y A Ejoc Eglub

F-value 1.21 0.30 0.06 1.44 0.87 1.06
P-value 0.27 0.58 0.81 0.23 0.35 0.31
F-value 0.13 0.03 0.26 0.63 0.23 0.03
P-value 0.72 0.87 0.61 0.43 0.63 0.86
F-value 2.04 0.05 443 1.00 1.89 0.07
P-value 0.16 0.83 0.04 032 0.17 0.79

Hemisphere effect
Gender effect

Interaction

Cp, Lp, ¥, A, Ejoc and Egjop denote the clustering coefficient, characteristic path length,
normalized clustering coefficient, normalized shortest path length, local efficiency and
global efficiency, respectively. Significant effects (P<0.05) are indicated by bold text.

and gender-related differences in these networks, we computed the
integrated global network parameters as the summations:

46
Xgiop = Izmxuc As) As (8)
(=

where As is the sparsity interval of 0.01; X(kAs) is a global network
parameter (Cp, Ly, ¥, A, Ejoc OF Egiop) at a sparsity of kAs. Similarly, the
integrated regional nodal parameters of node i were calculated as the
summations:

46
Xnod(i) = k:ZIOX(L kAS)AS (9)

where X(i,k As) is a nodal parameter (D, o4, Enod, OF Np) of the node i at
a sparsity of kAs. These integrated metrics were used to further
identify network hubs and compute the hemisphere- and gender-
related differences in the topological organization of the networks.

Hub identification

The nodes with the largest Dy,o4, Erod» OF Ny Values were considered
hubs in the network. In this study, the hubs were identified based on
four separate subgroups of networks: female left hemispheric
networks; female right hemispheric networks; male left hemispheric
networks; male right hemispheric networks. For each node we first
calculated its normalized nodal parameters as follows:

M
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where X;,04(i, k) is an integrated nodal parameter (Dyo4,Enod, OF Npc) of
node i in the network of subject k, M is the number of networks in the
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subgroup and N is the number of nodes (here N=45). Node i was
identified as the hub of the network if any of its three nodal
parameters, X,orm(i), was at least one standard deviation (SD) greater
than the average of the parameter over the network (i.e., Xporm(i)>
mean + SD).

Asymmetry score
The asymmetry of all network parameters was evaluated by the
following asymmetry score:

A =100 x

X(R)—X(L)
0.5 x (an

(X(R) + X(L))

where X(R) and X(L) are the parameters of the right and left
hemispheres, respectively. Positive asymmetry scores indicated right-
ward asymmetry and vice versa.

Statistical analysis

Global network parameters

To determine whether there were significant differences in any
of the six global network parameters, a two-way repeated-measures
analysis of variance (ANOVA) was performed with gender as a between-
subject factor and hemisphere (left and right) as a repeated-measures
factor. If any main effect survived a threshold of P<0.05, a further t-test
(paired t-test for the hemisphere effect and two-sample t-test for the
gender effect) was performed. A two-tailed one-sample t-test was
performed to determine whether the asymmetry scores of each of the
six global network parameters within each gender was significantly
different from zero. The asymmetry score of each global parameter was
finally subjected to a two-tailed two-sample t-test to assess the
between-gender differences. P<0.05 was considered to be significantly
different.

Regional nodal parameters

The statistical analysis methods for the regional nodal parameters
were similar to those for global network parameters. In brief, a two-
way repeated-measures ANOVA was performed to determine the
significant differences in the three regional nodal parameters and
further t-tests were performed to determine the direction of these
differences. T-tests were also performed for each region to evaluate
the significance of the within- and between-gender differences in
the asymmetry scores of the three regional nodal parameters. The
threshold for all tests was P<0.05 (Bonferroni corrected).
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[ Males (Right Hemisphere)
[ Females (Left Hemisphere)
[ Females (Right Hemisphere)

The integrated global network parameters

o L

P 4

By ‘b

Fig. 3. The integrated global network parameters. Cy, L, ¥, A, Ejoc and Eg o1, denote the clustering coefficient, characteristic path length, normalized clustering coefficient, normalized
shortest path length, local efficiency and global efficiency, respectively. Note that the normalized clustering coefficient (y) was greater in the right hemispheric networks of males,

but greater in the left hemispheric networks of females (significant interaction: P<0.05).
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Table 3
The asymmetry scores of the global network parameters.
@3 L Y A Eloc Egiob
Females T-score —022 —-053 —167 —148 —028 0.95
P-value 0.82 0.60 0.10 0.14 0.78 035
Males T-score 178 —0.26 144 -0.19 193 0.55

P-value 0.08 0.80 0.16 0.85 0.06 0.58
T-score —138 —-019 -214 -097 —136 027
P-value 0.17 0.85 0.04 0.34 0.18 0.79

Females-males

Females and Males indicate the significance of the asymmetry scores, and Females—Males
indicates the significance of the between-gender asymmetry score differences. G, L, v, A,
Ejoc and Eg,p, denote the clustering coefficient, characteristic path length, normalized
clustering coefficient, normalized shortest path length, local efficiency and global
efficiency, respectively. Positive t-scores of Females and Males indicate rightward
asymmetries and vice versa. Positive t-scores of Females-Males indicate females' more
significant rightward asymmetries and vice versa. Significant effects (P<0.05) are
indicated by bold text.

Results
Global properties of the hemispheric networks

Small-worldness and efficiency

In this study we constructed functional networks based on separate
hemispheres rather than on the whole brain. We found that over the
sparsity range of 10%~46%, the y were larger than 1 (ie, the C, for
these networks were larger than those of their matched random
networks) and the A were nearly 1 (i.e,, the L, for these networks were
comparable to those of their matched random networks) for four
subgroups (2 hemispheres x 2 genders) of functional networks (Fig. 1).
When evaluating the global network parameters using a summary
parameter o=y /A, we observed that o were larger than 1.2 over the
sparsity range of 10%~46% in four subgroups of functional networks
(Fig. S1 in the supplementary materials). These data underlie the
reason why this range was used in the present study. Thus, these
hemispheric networks exhibited prominent small-world properties,
which was consistent with previous whole-brain functional network
studies (Watts and Strogatz, 1998; Humphries et al., 2006). From the

efficiency perspective, the global efficiencies of these networks were
comparable to the matched random networks (Fig. 2A), but the local
efficiencies of these networks were larger than the matched random
networks (Fig. 2B). These results further support the small-worldness
of these hemispheric networks by indicating that these networks are
approximately efficient in global information processing but more
efficient in local information processing compared with their matched
random networks.

Hemispheric and gender effects

Neither the gender effect nor the hemispheric effect was significant
on any of the six global network parameters (P<0.05). However, we
observed a significant gender-hemisphere interaction on y (F=4.43,
P =0.04) (Table 2). Further t-test analysis indicated that this interaction
resulted from a rightward asymmetry in males (t=1.48, P=0.15) but
a leftward asymmetry in females (t= —1.59, P=0.12). Fig. 3 illustrates
the global network parameters of the hemispheric networks of males
and females.

The asymmetry score

None of the asymmetry scores of any of the six parameters was
found to be significant (P<0.05) in either gender (Table 3). However,
males tended to be more locally efficient in their right hemispheres
(positive asymmetry scores of Cp, y and Ej,) and females tended to be
more locally efficient in their left hemispheres (negative asymmetry
scores of Cp, y and Ej,c). When comparing the asymmetry scores of the
six global parameters between males and females, we observed a
significant gender-related difference only in y (t=—2.14, P<0.04,
female<male) (Table 3). This result was compatible with the gender-
hemisphere interaction on 7y shown above (Table 2). Of note, both
males and females tended to be more globally efficient in their right
hemispheres (positive asymmetry scores of Eg, and negative
asymmetry scores of L, and A\) (Table 3). However, there were no
significant differences in the asymmetry scores of the three network
parameters between males and females (P>0.1) (Table 3), which was
consistent with the above results of non-significant gender effects by
a two-way ANOVA (Table 2).

Table 4

The hubs of the hemispheric networks in both males and females.
Region Classification Normalized nodal parameters Region Classification Normalized nodal parameters

Degree Regional BC Degree Regional BC
efficiency efficiency
Males: Left Hemisphere Females: Left Hemisphere
MCG Paralimbic 1.43 1.14 2.57 MTG Association 1.40 1.14 1.77
MTG Association 139 1.14 2.11 ITG Association 137 1.12 1.78
SFGdor Assaociation 1.39 1.14 1.95 SFG Association 1.36 1.13 1.68
PreCG Primary 1.37 1.13 1.83 FFG Association 1.30 1.11 1.66
ITG Association 1.36 s 1.99 MOG Association 1.28 1.10 1.65
MOG Association 132 1.11 1.64 PreCG Primary 1.27 1.10 1.92
FFG Association 1.29 1.10 1.70 TPOsup Paralimbic 122 - -
LING Association 1.27 1.09 - LING Association 1.22 - -
MFG Association 1.25 1.09 - MCG Paralimbic 1.21 - 1.95
TPOsup Paralimbic - - 1.68
Males: Right Hemisphere Females: Right Hemisphere
MCG Paralimbic 1.53 1.18 2.96 ITG Association 1.48 1.16 2.61
ITG Association 1.49 1.16 2.51 MCG Paralimbic 1.44 1.15 2.61
MTG Assaociation 1.40 1.15 2.20 TPOsup Paralimbic 1.43 1.14 2.09
STG Assaociation 137 1.13 1.62 MTG Association 1.38 1.14 212
TPOsup Paralimbic 1.37 1.13 2.08 STG Association 1.36 1.12 1.67
SFG Association 1.35 1.13 1.85 SFG Association 1.31 1.11 1.75
MFG Assaociation 1.27 1.10 1.64 LING Assaciation 1.26 1.09 -
FFG Association 1.23 - -
MFG Association - - 1.59
BC, betweenness centrality. “~” indicates that the value of the nodal parameter X;[X is the nodal degree (D,,q4), nodal efficiency (En.q) or nodal betweenness centrality (Np.)] in

the regions was less than mean + SD. Hub regions identified in all four subgroups of networks are indicated by bold and shaded text. The abbreviation of each region can be found

in Table 1.
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Regional nodal properties of the hemispheric networks

Network hubs

In this study we identified hubs according to their regional nodal
parameters, Dpod, Enog and Npc. Although a region could be identified as
a hub according to a single regional nodal parameter, most hubs
identified in this study were brain regions “in common” to all the
three parameters. As shown in Table 4, five brain regions (the middle
cingulate gyrus [MCG], the middle temporal gyrus [MTG], the dorsal
superior frontal gyrus [SFGdor], the inferior temporal gyrus [ITG], the
superior temporal pole [TPOsup]) were common hubs for the four
subgroups of networks (for surface visualization, see Fig. 4). The
lingual gyrus (LIN) and the fusiform gyrus (FFG) were hubs for all but
the right hemispheric networks of males, and the middle frontal gyrus
(MFG) was not a hub for the left hemispheric networks of females
(Table 4, Fig. 4). The middle occipital gyrus (MOG) and the precentral
gyrus (PreCG) were hubs only for the left hemispheric networks and
the superior temporal gyrus (STG) was a hub only for the right

Degree

Efficiency

LEFT

Betweenness

Efficiency

RIGHT

Betweenness

hemispheric networks (Table 4, Fig. 4). Eight of the eleven hub regions
were association cortices suggesting their critical roles in information
transferring. Most of these hubs for hemispheric networks identified
in the present study have formerly been observed to have a relatively
shorter characteristic path length (Achard et al., 2006) or a higher
betweenness centrality (He et al., 2009b) in networks based on the
analysis of the whole brain.

Hemisphere-related differences

Two-way repeated-measures ANOVA revealed no significant
gender effect or hemisphere-gender interaction but significant
hemispheric effects on the regional nodal parameters of fifteen
nodes (P<0.05, Bonferroni corrected) (Table 5, Fig. 5). Moreover,
significant hemispheric effects on the three regional nodal para-
meters were observed on nearly the same nodes, except that the
number of nodes whose betweenness centralities exhibited signif-
icant hemisphere-related differences was smaller. We found that
seven brain regions exhibited significant left-greater-than-right

Fig. 4. The hubs in the hemispheric functional networks. The node sizes indicate their relative nodal degree (D,,,4), nodal efficiency (E,,q) and nodal betweenness centrality (Np)
within the subgroup of networks. Regions with any normalized nodal parameter X; (X is Dyoa,Enod, OF Npc) greater than mean (7(,-) + SD(K) were identified as hubs. Also see Table 4

for more details.
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Table 5
Significant hemisphere effects on nodal characteristics revealed by two-way repeated-
measures ANOVA.

Region Classification  F-value (P-value) Hub

Degree Regional BC
efficiency

Left>right

MOG Association 98.64 80.93 66.73 Y
(777x10716)  (6.04x107 ') (2.78x10™'2)

PreCG Primary 50.36 55.92 79.45 Y
(3.76x1071°)  (6.66x10~11) (8.86x10~14)

PCG Paralimbic 42.52 29.05 11.65 N
(494x107°% (635x1077) (9.91x10™%)

REC Paralimbic 26.06 23.70 - N
(2.03x1076) (523x107©)

SFGmed  Association 20.88 13.39 - N
(1.66x107°)  (4.40x10~%)

CAL Primary 20.28 22.00 15.03 N
(214x107%) (1.05x107%) (2.10x107%)

10G Association 9.58 ¢ 12.82 - N
(0.0027) (5.74x10~%)

Right>left

STG Association 40.41 40.04 16.28 Y
(1.02x1078)  (1.12x1078)  (1.20x10™4)

MCG Paralimbic 36.19 42.37 22.10 Y
(450%x107%) (521x107°) (1.00x107>)

INS Paralimbic 32.64 36.96 - N
(1.64x1077) (3.42x1078)

SMG Association 21.22 25.82 - N
(145x107°%) (223x1079)

IFGoperc  Association 19.81 11.73 - N
(261x107%) (9.55x10™%)

TPOsup Paralimbic 17.94 19.80 13.13 Y
(5.80x107%) (2.62x107%)  (4.96x10™%)

ITG Association 13.26 13.00 19.06 Y
(469x10~%4) (528x10~%)  (3.59x107°)

SMA Association 8.71° 12.47 - N
(0.0041) (6.74x10™%)

BC, betweenness centrality. “~” indicates that the hemisphere effect was not significant.

The threshold was P<0.05 (Bonferroni corrected).

2 P<0.005 (uncorrected). The directions of hemispheric effects were determined by
post hoc t-tests. “Y” indicates that the region has been identified as a “hub” of any of the
four subgroups of networks and “N” indicates that the region is not a hub. The
abbreviation of each region can be found in Table 1.

asymmetries mainly involving the frontal lobe regions (the medial
superior frontal gyrus [SFGmed], the PreCG and the rectus gyrus
[REC]) and the occipital lobe regions (the MOG, the calcarine cortex
[CAL] and the inferior occipital gyrus [IOG]). Regions with
significant right-greater-than-left asymmetries were predominant-
ly located at the temporal lobe (the STG, the TPOsup, the superior
marginal gyrus [SMG], the insula [INS] and the ITG).

The asymmetry score

Six nodes (the MOG, the PreCG, the PCG, the INS, the SMG and the
STG) in the hemispheric networks of males and twelve nodes (the
MOG, the PCG, the SFGmed, the REC, the middle orbital frontal
cortex [ORBmid], the PreCG, the MCG, the STG, the SMA, the INS, the
TPOsup and the cuneus [CUN]) in the networks of females were
significantly asymmetric (P<0.05, Bonferroni corrected) (Table 6,
Fig. 6). All six nodes in the networks of males and ten (except the
CUN and the ORBmid) of twelve nodes in the networks of females
have been observed to be asymmetric in the previous ANOVA
analysis, and the asymmetries were in the same direction (Tables 5,
6). No node was significantly different between genders in the
asymmetry score of any of its three nodal parameters (P<0.05,
Bonferroni corrected). This result was compatible with the non-
significant hemisphere-gender interaction on the regional nodal
parameters shown above.

Degree

Efficiency

Betweenness

Right > Left Left > Right

Fig. 5. Regions exhibited significant hemisphere-related differences in the regional nodal
parameters. The node sizes indicate the relative significance of hemisphere-related
differences in the nodal degree, nodal efficiency and nodal betweenness centrality. The red
color represents rightward asymmetries, and the blue color represents leftward
asymmetries. The threshold was P<0.05 (Bonferroni corrected). Also see Table 5 for
more details.

Discussion

In this study we utilized R-fMRI and graph theoretical approaches
to investigate the hemisphere- and gender-related differences in
brain functional networks. The main findings are as follows: 1) the
hemispheric networks exhibited small-world attributes (high clus-
tering and short paths); 2) males tended to be more locally efficient in
their right hemispheric networks, but females tended to be more
locally efficient in their left hemispheric networks; 3) significant
hemisphere-related differences in regional nodal parameters were
observed in the fronto-occipital regions (rightward asymmetry) and
temporal regions (leftward asymmetry).

Small-worldness of hemispheric functional networks of human brain

The small-world network introduced by Watts and Strogatz
(1998) has made a tremendous impact on the study of numerous
complex networks (Strogatz, 2001). The model characterizes the
architecture of networks with well-connected local neighborhoods
and a short mean distance between nodes. Recent studies have
suggested that the human brain functional networks constructed
from fMRI (Eguiluz et al., 2005; Salvador et al., 2005; Achard et al.,
2006), EEG (Micheloyannis et al., 2006; Stam et al., 2007) and MEG
(Stam, 2004) data have small-world properties. In this study we
constructed functional networks based on separate hemispheres and
also observed small-worldness (Figs. 1, 2, S1 (in the supplementary
materials)). This finding indicates that the small-world topology is
also a fundamental principle of the organization of hemispheric
functional networks.

The small-world topology has a high clustering coefficient and
short path length, indicating the local clustering, or cliquishness, of
the connectivity network and the small geodesic distance between
any pair of regions. Previous computational simulation studies have
demonstrated that small-world topologies emerge when networks
are evolved for high complexity (Sporns et al., 2000). Therefore small-
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Table 6
Significant asymmetry scores of regional nodal parameters in males and females.
Region Classification ~ T-Score (P-value) Hub
Degree Regional BC
efficiency
Males: left>right
MOG Association —8.08 —7.90 —7.49 Y
(1.08x107%) (1.86x107%) (6.42x1079)
PreCG Primary —7.67 —7.88 —9.71 Y
(3.71x1079)  (1.95x1079) (1.02x10~ ')
PCG Paralimbic —3.67 — — N
(7.52x10™%)
Males: right>left
INS Paralimbic 442 4.79 — N
(826x107°) (2.73x107%)
SMG Association 3.88 4.22 3.69 N
(416x10~%)  (1.53x10™%) (7.22x10%)
STG Association 3.75 3.74 - Y
(6.12x10™%4)  (6.28x10™%)
Females: left>right
MOG Association —5.56 —5.24 —6.26 Y
(1.22x107%)  (3.69x1075) (1.08x10~7)
PCG Paralimbic —4.27 —3.84 —3.46° N
(9.32x107°) (3.67x10~%) (0.0012)
SFGmed  Association —3.89 —3.36" - N
(3.14x10~%)  (0.0015)
REC Paralimbic —3.62 —3.66 - N
(7.28x10™%)  (6.45x10™%)
ORBmid  Paralimbic —3.54 —3.13? - N
(927x10~%)  (0.0030)
PreCG Primary —3.19° —3.50 —6.39 Y
(0.0025) (0.0010) (6.79x 10~ %)
Females: right>left
MCG Paralimbic 6.03 6.50 5.06 Y
(245x1077) (470x1078) (6.92x107°)
STG Association 5.55 5.07 - Y
(1.30x107%)  (6.60x107°)
SMA Association 3.79 4.30 - N
(426x10~%) (8.67x107°)
INS Paralimbic 3.67 4.02 - N
(627x10~%) (2.07x10~%)
CUN Association 3.96 3.58 3.77 N
(2.51x107%)  (8.18x10™%) (4.53x10™ %)
TPOsup  Paralimbic 3.21° 3.58 3.78 Y
(0.0024) (821x10~%) (441x10~%)
BC, betweenness centrality. “~” indicates that the asymmetry score was not significant.

The threshold was P<0.05 (Bonferroni corrected).

2 P<0.005 (uncorrected). “Y” indicates that the region has been identified as a “hub”
of any of the four subgroups of networks and “N” indicates that the region is not a hub.
The abbreviation of each region can be found in Table 1.

world architecture of our hemispheric functional network represents
an optimal organizational pattern according to evolution and
development. In terms of information flow, high clustering allows
modularized information processing, which is functionally segregated
from one area to another, and short paths allow effective interactions
or rapid transfer of information between regions, which is essential
for functional integration. The coexistence of functional segregation
and functional integration ensures the effective integration of
multiple segregated sources of information in the brain (Tononi
et al., 1994; Sporns et al., 2004; Sporns and Zwi, 2004). The small-
worldness of hemispheric functional networks observed in this study
indicates that information processing in separate hemispheres could
be of similar efficiency as that in the whole brain.

Network local efficiency: right-lateralized in males but left-lateralized
in females

In this study males tended to be more locally efficient in their right
hemispheric networks and females tended to be more locally efficientin

their left hemispheric networks (Tables 2, 3, Fig. 3). Sex differences in
language and visuospatial performances have been well-documented
with males performing better on visuospatial tasks, especially those
involving mental rotation and spatial perception, and females
performing better on language tasks, including phonological processing
and verbal memory (Voyer et al,, 1995; Kansaku and Kitazawa, 2001;
Sommer et al., 2004). Functional neuroimaging studies demonstrated
that in both genders language processing is generally more left-
lateralized and visuospatial processing is generally more right later-
alized (Maccoby and Jacklin, 1974; Halpern, 2000; Eagley et al., 2004). In
combination with former findings, we speculate that the local efficiency
of hemispheric networks might be associated with behavioral and
cognitive differences between males and females. In the future, it would
be interesting to explore the relationship between the network local
efficiencies and behavioral and cognitive variables in genders such as
the performances of language and visuospatial processing.

Network global efficiency: no significant hemisphere- or gender-related
difference

As indicated by positive asymmetry scores of Egop and negative
asymmetry scores of L, and A (Table 3), both males and females
tended to be more globally efficient in their right hemispheres.
Nonetheless, we observed no hemisphere- or gender-related differ-
ences in the global efficiency of hemispheric functional networks
(Tables 2, 3, Fig. 3). This indicates that the two hemispheres/genders
are not significantly different in transferring information between
brain regions. However, in a study by Gong et al. (2009b), the cortical
networks of females were more efficient both locally and globally. In a
study by Iturria-Medina et al. (in press), the right hemispheric
networks were more efficient and interconnected than the left
hemispheric networks. In a study by Yan et al. (2010), females had
greater local efficiencies than males. The apparent discrepancies
between the present results and those in the two former studies could
stem from the following two aspects. Firstly, Gong et al. (2009b),
[turria-Medina et al. (in press) and Yan et al. (2010) all constructed
networks based on structural connectivities, but the networks in the
present study were based on functional connectivities. Although
functional connectivities are closely related to structural connectiv-
ities, there are still some functional connectivities that cannot be
explained by structural connectivities (Honey et al., 2009). Therefore,
the hemisphere- and gender-related differences in structural organi-
zations would not necessarily accompany differences in functional
organizations. Secondly, we investigated the hemisphere- and
gender-related differences based on the integrated global network
parameters, and this integration may screen out some hemisphere- or
gender-related differences at certain sparsities as have been observed
in three former studies (Gong et al., 2009b; Iturria-Medina et al., in
press; Yan et al.,, 2010).

Hemisphere-related differences in regional nodal parameters

Previous studies reported regional asymmetries based mainly on
morphologic features or activation patterns of separate brain regions.
In this study, the functional asymmetry of certain brain region was
evaluated based on the relative importance of the region within the
hemispheric network. Significant (P<0.05, Bonferroni corrected)
leftward functional asymmetries were observed in the frontal (the
SFGmed, the PreCG and the REC) and occipital (the MOG, the CAL and
the I0G) regions, and significant rightward asymmetries were
observed in the temporal regions (the STG, the TPOsup, the SMG,
the INS and the ITG) (Tables 5, 6, Figs. 5, 6).

Leftward asymmetries
Significant leftward asymmetries were observed in three frontal
regions (the SFGmed, the PreCG and the REC) in the present study
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Fig. 6. Regions with significant asymmetry scores in males and females. The node sizes indicate the relative significance of asymmetry scores of the nodal degree, nodal efficiency and
nodal betweenness centrality. The red color represents rightward asymmetries, and the blue color represents leftward asymmetries. The threshold was P<0.05 (Bonferroni

corrected). Also see Table 6 for more details.

(Table 5, Fig. 5). The SFGmed, together with the PCG which was also
observed to be leftward asymmetric in the present study, are two critical
components of the so-called default mode network. These two regions
have been observed to be structurally asymmetric in former studies
(Paus etal., 1996; Luders et al., 2006). Moreover, Iturria-Medina et al. (in
press) observed significant leftward structural asymmetry of these two
regions using the betweenness centrality. Based on R-fMRI, Liu et al.
(2009) found significant leftward asymmetries “along the cortical
midline” in human brain. These results are consistent with the present
study. The leftward asymmetry of the PreCG in right-handed subjects
has been observed using various techniques (Melsbach et al., 1996;
Amunts et al,, 2000; Davatzikos and Bryan, 2002; Luders et al., 2006).
The present finding of a significant leftward asymmetry of the PreCG in
right-handed subjects is consistent with former findings. Another
critical component of the motor system, the SMA, also exhibited
significant functional asymmetry, but the asymmetry was of a rightward
direction (Table 5).

As to the occipital regions, a consistent leftward structural
asymmetry has been reported in post-mortem (Cunningham, 1892;
Elliot-Smith, 1907) and in vivo structural imaging studies (Watkins
et al,, 2001; Toga and Thompson, 2003). Within the structural network
based on diffusion tensor imaging (DTI), the MOG exhibited the most
significant leftward asymmetry as assessed by the nodal betweenness
centrality (Gong et al., 2009a). Therefore, the present leftward
asymmetries of these occipital cortices are consistent with these
findings based on structural images. However, Liu et al. (2009)
observed a significant rightward asymmetry of the visual cortices
based on R-fMRI. Using the betweenness centrality, Iturria-Medina et al.
(in press) reported significant rightward asymmetries in the occipital
regions. Liu et al. (2009) and Iturria-Medina et al. (in press) both
attributed these rightward asymmetries to right-lateralized visuospatial
processing. Further studies are expected to reconcile the apparent
inconsistencies between the directions of asymmetries reported in the
occipital regions.

Rightward asymmetries
In this study five temporal regions, the STG, the TPOsup, the SMG,
the INS and the ITG, exhibited significant rightward asymmetries

(Table 5). In several former studies (Watkins et al., 2001; Liu et al.,
2009), the INS exhibited significant rightward structural or functional
asymmetries and has been suggested to be very involved in the right-
lateralized attentional system, which is important for detecting
unattended events. Thus the present finding of a significant rightward
asymmetry of the INS is consistent with these former findings. Other
temporal regions that exhibited significant asymmetries in the
present study, especially the STG, have been repeatedly reported to
be asymmetric (Toga and Thompson, 2003), but the exact direction of
these asymmetries has been quite inconsistent. Specifically, although
numerous studies reported significant leftward asymmetries in these
regions (Toga and Thompson, 2003), rightward asymmetries have
also been demonstrated (Watkins et al., 2001; Luders et al., 2006). The
inconsistencies among the exact direction of the asymmetries of these
temporal regions needs to be further investigated.

Further considerations

Despite the present findings, this study on organizational pattern
asymmetries in the human brain is still preliminary, and further studies
on the following issues are expected. First, we observed significant
hemisphere- and gender-related differences in the topological organi-
zations of brain functional networks. However, some aspects of these
differences observed in the present study are quite different from those
based on structural networks (Gong et al., 2009b; Iturria-Medina et al.,
in press). As brain functional connectivities are closely related to the
underlying structural connectivities (Honey et al., 2009), a further
study simultaneously evaluating the topologies of functional and
structural networks is expected. Second, we observed significant
asymmetries in the topological organization of brain functional
networks. As has been mentioned, brain asymmetries are closely
related to lateralized behaviors. Thus further analysis of brain
organizational asymmetries should be carried out for a better
understanding of the basis of lateralized functions such as language
and visuospatial processing. Third, changes of brain asymmetries are
closely related to the pathophysiology of various brain diseases such as
stroke and schizophrenia. For example, interhemispheric position
asymmetries of homologous areas are repeatedly reported in stroke
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subjects and these asymmetries are correlated with later clinical
recovery (Liepert et al., 2000; Tecchio et al., 2006a, 2006b, 2007).
Therefore, evaluating the topological organization of brain functional
networks within hemispheres is likely to improve our knowledge about
stroke and its clinical recovery. Similarly, the pathology of schizophre-
nia, which is closely related to disturbances of brain asymmetries
(Bilder et al., 1999; Niznikiewicz et al., 2000; Sommer et al., 2001; Narr
et al,, 2001; Bleich-Cohen et al., 2009), could also be investigated from
the perspective of brain network asymmetry.

Conclusion

To summarize, we evaluated the hemisphere- and gender-related
differences in human brain functional networks based on R-fMRI. We
observed that males and females have quite different asymmetric
patterns in their network local efficiencies and suggest that these
differences are closely related to the behavioral differences. Most
regions that exhibited significant hemisphere-related differences in
the present study have formerly been observed to be structurally or
functionally asymmetric. Overall our results indicate that a complex
brain network analysis could be a profitable tool for investigating
individual differences in brain function. Further work could be
conducted to examine whether these network properties are altered
during normal development and aging, as well as under specific brain
disorders.

Supplementary materials related to this article can be found online
at doi:10.1016/j.neuroimage.2010.07.066.
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