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Abstract
Asymmetry of the neonatal brain is not yet understood at the level of structural connectivity. We
utilized DTI deterministic tractography and structural network analysis based on graph theory to
determine the pattern of structural connectivity asymmetry in 124 normal neonates. We tracted
white matter axonal pathways characterizing interregional connections among brain regions and
inferred asymmetry in left and right anatomical network properties. Our findings revealed that in
neonates, small-world characteristics were exhibited, but did not differ between the two
hemispheres, suggesting that neighboring brain regions connect tightly with each other, and that
one region is only a few paths away from any other region within each hemisphere. Moreover, the
neonatal brain showed greater structural efficiency in the left hemisphere than that in the right. In
neonates, brain regions involved in motor, language, and memory functions play crucial roles in
efficient communication in the left hemisphere, while brain regions involved in emotional
processes play crucial roles in efficient communication in the right hemisphere. These findings
suggest that even at birth, the topology of each cerebral hemisphere is organized in an efficient
and compact manner that maps onto asymmetric functional specializations seen in adults,
implying lateralized brain functions in infancy.
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Introduction
The human brain exhibits structural asymmetries to support its specific lateralized functions,
such as language and motor control. Such asymmetry in structure is apparent even in early
life. But these structural asymmetries at the neonatal period may or may not persist through
life. Moreover it is unclear whether structural asymmetry is reflected in differences in
connectivity.

In healthy neonates, the left cerebral hemisphere is larger than the right (Gilmore et al.,
2007). However, the normal pattern of fronto-occipital asymmetry described in older
children and adults, notably larger right than left frontal lobe and larger left than right
occipital lobe (Chapple et al., 2004; LeMay, 1976; Sharma et al., 1999; Weinberger et al.,
1982) is not present in neonates (Gilmore et al., 2007). Beyond the whole brain level,
Witelson et al. (Witelson and Pallie, 1973) revealed a neonatal leftward asymmetry of the
planum, a region known to be of significance for language function. Additional support is
derived from a diffusion tensor imaging (DTI) technique that characterizes axonal
organization of the brain white matter. Structural asymmetries in language- and motor-
related fibers (e.g., the parieto-temporal part of the superior longitudinal fasciculus, the
corticospinal tract, the superior thalamic radiations) are present in healthy (Dubois et al.,
2009) as well as preterm infants (Liu et al., 2010). These findings are similar to the pattern
seen in adults, suggesting that the observed neonatal anatomical asymmetry provides a
structural basis for the adult pattern of the lateralization of language functions.

Our understanding of the structural asymmetry of the neonatal brain is still largely limited to
the level of individual structures. Nevertheless, widespread brain areas are wired in a
compact and economic manner and hence can easily transfer information in short and long
distances to adapt to cognitive demands (Bullmore and Sporns, 2012). Recent advanced
modern neuroimaging techniques allow for non-invasive investigation of the brain
connectivity. Using DTI tractography and structural network techniques, the cortical
network in adults was identified with small-worldness topology, suggesting that the cortex is
highly interconnected and thus has a highly efficient topological organization (Gong et al.,
2009b; Yan et al., 2011). Only recently, Iturria-Medina et al. (Iturria-Medina et al., 2011)
employed the same techniques and showed that in adults the left cerebral hemisphere is
significantly less efficient and interconnected than the right. Furthermore, the left
hemisphere presents more central or indispensable regions for the whole-brain structural
network than the right hemisphere. However, it is unclear whether this asymmetric pattern
can be traced to the perinatal period. To examine this, we utilized DTI deterministic
tractography and structural network analysis based on graph theory to determine the pattern
of structural connectivity asymmetry in 124 normal neonates (born at 36 to 42 gestation
weeks). We aimed to tract white matter axonal pathways characterizing interregional
connections among cortical and subcortical regions and to infer left and right anatomical
network properties. In parallel to the adults’ study (Iturria-Medina et al., 2011), we specially
focused on graph measures of small-worldness, efficiency, and centrality of brain regions to
1) examine whether the information flow in both hemispheres of the neonatal brain is
similar to that in adults; and 2) identify brain regions that play crucial roles in efficient
communication in each cerebral hemisphere. To our knowledge, this is the first report on a
normative reference on asymmetry of the neonatal brain structural connectivity. As the early
life after birth may not only be a period of developmental vulnerability, but also a period in
which therapeutic interventions have the greatest positive effects, our study provides
potential insights on brain-based disorders that may originate from preexisting disruptions of
anatomical connections at birth.
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Materials and Methods
Subjects

Neonates scanned for this study were part of a larger ongoing birth cohort study of Growing
Up in Singapore towards Healthy Outcomes (GUSTO). This birth cohort consists of
pregnant Asian women aged 18 years and above attending the first trimester antenatal
ultrasound scan clinic at the National University Hospital (NUH) and KK Women’s and
Children’s Hospital (KKH) in Singapore. Both parents were Singapore citizens or
Permanent Residents of Chinese, Malay or Indian ethnic background. Mothers on
chemotherapy, psychotropic drugs, including antidepressant or anxiolytic medications, or
with Type I Diabetes Mellitus were excluded. The study was approved by Centralized
Institutional Review Boards of the Singapore Health Services and Domain Specific Review
Board (DSRB) of National Health Care Group. One hundred eighty-nine eligible mothers
agreed to participate in the brain imaging study and provided written consent.

Among 189 subjects, we excluded 65 subjects with incomplete demographic information, or
birth weight less than 2000 g, or APGAR score less than 9, or absence of large motion
artefacts with DTI. Hence, the present study included 124 subjects (58 females, gestational
age: 40.2±1.3 weeks; range: 36.9 - 42.7 weeks; and 66 males, gestational age: 39.9±1.3
weeks; range: 36.6- 42.1 weeks). All brain scans were reviewed by a radiologist (M.V.F.).

MRI Data Acquisition
At 5 to 17 days of life, neonates underwent single-shot echo-planar diffusion weighted
(DW) MRI scans (TR=7000 ms; TE=56 ms; flip angle = 90°, FOV=200 mm × 200 mm;
matrix size= 256 × 256; 40 to 50 axial slices with 3.0 mm thickness; 19 diffusion directions
with b=600 sec/mm2; 1 baseline image with b=0 sec/mm2) using a 1.5-Tesla GE scanner at
the Department of Diagnostic and Interventional Imaging of the KKH. The scans were
acquired when subjects were sleeping in the scanner. No sedation was used and precautions
were taken to reduce exposure to the MRI scanner noise. A neonatologist was present during
each scan. A pulse oximeter was used to monitor heart rate and oxygen saturation
throughout the entire scans.

The Construction of the Neonatal Brain Networks
Figure 1 illustrates the data analysis for constructing the anatomical networks of the two
cerebral hemispheres. For each subject, DWIs were first corrected for motion and eddy
current distortions using affine transformation to the image without diffusion weighting.
Using multivariate least-square fitting, six elements of the diffusion tensor were determined
from which fractional anisotropy (FA) was calculated. The FA image and the image without
diffusion weighting were then simultaneously aligned via affine and nonlinear large
deformation diffeomorphic metric mapping (LDDMM) transformations (Du et al., 2011) to
those of the neonatal brain DTI atlas that was proposed by (Oishi et al., 2011) with manually
labeled 32 cortical and sub-cortical structures per hemisphere (Table 1). We then employed
the reorientation scheme of diffusion tensor using the preservation of principal direction
(PPD) method, in which the reoriented tensor keeps its eigenvalues, yet its principal vector
is transformed (Cao et al., 2005), to transform subjects’ DTI to the atlas.

Whole-brain fiber tractography was subsequently performed in the neonatal DTI atlas space
using the fiber assignment by continuous tracking (FACT) (Mori et al., 1999) algorithm.
The algorithm computes fiber trajectories starting from the deep white matter regions and
ending at a voxel with FA value less than 0.1 or the turning angle between adjacent voxels
was greater than 70°.
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Two matrices with 32 × 32 elements were constructed based on the whole brain
tractography to represent the anatomical networks among each intra-hemispheric regions.
The (i, j)th element in the matrix was computed as the number of fiber tracts connecting
regions i and j normalized by the mean volume of the two regions and thus represents the
connectivity strength between regions i and j. To eliminate brain connections due to possible
noise effects on the whole brain tractography, non-parametric one-tailed sign test was
performed on each element of the matrices among all the subjects to determine the existence
of the connection between any two regions, and thus determine whether the number of fiber
tracts going through regions i and j is equal to zero at a significance level of 0.05. We now
consider each of the matrices representing one network with the anatomical regions (listed in
Table 1) as its nodes and the (i, j)th element of the matrix as its edge with weight
information. The path length between any two nodes is the sum of the inverse weights of
edges that must be traversed to go from one node to another.

Network Analysis
Small-worldness, global efficiency and local efficiency were computed to characterize the
potential ease with which information can be transferred concurrently across a network and
locally communicated within neighborhood. At a regional level, betweenness centrality was
calculated to identify nodes of a network that play crucial roles in efficient communication.

Small-Worldness—A “Small-world” network model was originally proposed by (Watts
and Strogatz, 1998), relating network clustering coefficient and characteristic path length.
The clustering coefficient (C ) was defined as the ratio of the number of existing edges
between neighbors to the number of all possible connections between neighbors (Onnela et
al., 2005). A network with a high value of the clustering coefficient has tightly connected
local clusters and hence the loss of an individual node has an impact on the structure of the
network. The characteristic path length (L) was defined by the average shortest path length
in a network (Watts and Strogatz, 1998), suggesting how far apart any two nodes are linked
in the network. A real network is considered small-world if it meets the following criteria:

 and , or , where Crand and Lrand are the mean clustering
coefficient and characteristic path length of random networks that preserve the same number
of nodes, edges, and degree distribution as the real brain network (Watts and Strogatz,
1998), while Cbrain and Lbrain are the mean clustering coefficient and characteristic path

length of the real brain network.  is defined as small-worldness metric.

Global and Local Efficiencies—The global efficiency was defined as the mean of the
inverse shortest path length in a network (Latora and Marchiori, 2001) and quantifies how
efficiently information can be exchanged over the network, considering a parallel system in
which each node sends information concurrently along the network. A high global efficiency
value may indicate highly parallel information transfer in a network in which each node
could efficiently send information concurrently.

In contrast, the local efficiency of a node was calculated as the global efficiency of the
neighborhood sub-network of this node, indicating how well the information can be
communicated within the neighbors of a given node when this node was removed. The local
efficiency across all nodes within a network were further averaged to estimate the local
efficiency of the network (Eloc) (Rubinov and Sporns, 2010). The local efficiency of a
network reflects its potential tendency to present clusters of nodes that deal with common
neural information. A high value of the local efficiency of a network may indicate efficiently
information transfer in the immediate neighborhood of each node.
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Betweenness Centrality—Betweenness centrality has been a widely-used measure to
identify the most central nodes in a network, which act as bridges between the other nodes
(Freeman, 1978). The betweenness centrality of a node was defined as the fraction of all
shortest paths in the network that pass through the node i (Freeman, 1978). A node with high
betweenness centrality is thus crucial to efficient communication.

Statistical Analysis
Brain network asymmetry was examined according to the aforementioned global network
properties and betweenness centrality of each node. For this, the lateralization index of each
parameter (X) was computed as

where X(right) and X(left) are the network metric values of the right and left hemispheric
networks, respectively. The positive value of LI(X) suggests the rightward asymmetry in
terms of X. The non-parametric sign test was used to examine whether all obtained LI values
come from a distribution with a median value of zero. After Bonferroni correction for
multiple comparisons, the significance level for individual statistical tests on the 3 global
network metrics was chosen as 0.0167 (0.05/3), while the significance level for individual
tests on the betweenness centrality was 0.0016 (0.05/32). We further conformed our findings
using permutation analysis. In each trial of permutation analysis, LIs of the network metrics,
including small-worldness, global efficiency, local efficiency, and betweenness centrality,
were recomputed while left and right hemispheric labels were randomly assigned to each
subject. The sign test was then performed to generate the test statistic. The empirical
distribution of this sign test statistic was estimated by repeating the above random
permutation for 10,000 trails. Finally, the p-value was computed as the percentage of the
trials having the sign test statistic greater than that obtained from the original labeled data.

Multiple regression analyses were used to effects of age, gender and ethnicity on the
asymmetry of the brain network metrics. Separate models evaluated each asymmetry
measure of the brain network metrics as dependent variables. Age, gender, and ethnicity
were entered as main independent variables.

Results
Asymmetry in Small-Worldness and Global Network Metrics

Compared to random networks with the same number of nodes, edges and degree
distribution, the anatomical networks of both cerebral hemispheres showed the small-
worldness metric greater than 1 (left: p<0.0001; right: p<0.0001), suggesting that the two
cerebral hemispheres in neonates showed prominent small-world properties. However, there
was no difference in the small-worldness metric between the two cerebral hemispheres
(Table 2).

Figure 2 shows the LIs of the global and local efficiencies of individual 124 neonates. The
sign tests revealed that the median values of the LIs of these two global network metrics
were significantly less than zero (Table 2), suggesting the left cerebral hemisphere with a
better balance between local necessities and wide-scope interactions than the right cerebral
hemisphere in the neonatal brain. Permutation analysis further confirmed the findings in
Table 2.
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Asymmetry in Betweenness Centrality
Figure 3 illustrates the LI of the nodal betweenness centrality averaged across all the
neonates. The sign tests revealed that the precentral gyrus, precuneus, fusiform, entorhinal
cortex, and insular cortex showed leftward asymmetry, while the gyrus rectus, cingulate
gyrus, hippocampus, and putamen exhibited rightward asymmetry in terms of betweenness
centrality (Table 3). Figure 4 showed the anatomical locations of these regions in the cortical
surface representation visualized using the BrainNet Viewer (http://www.nitrc.org/projects/
bnv/). Permutation analysis further confirmed the findings in Table 3.

Effects of Age, Gender and Ethnicity on Structural Connectivity Asymmetry
Regression analysis did not reveal effects of age, gender, and ethnicity on the asymmetry of
small-worldness (p>0.4), global efficiency (p>0.10), and local efficiency (p>0.15).
Moreover, regression analysis also did not reveal effects of age and gender on the
asymmetry in betweenness centralities of the structures listed in Table 3, including the
precentral gyrus (p>0.40), precuneus (p>0.10), fusiform (p>0.25), entorhinal cortex
(p>0.50), insular cortex (p>0.45), gyrus rectus (p>0.20), cingulate gyrus (p.0.45),
hippocampus (p>0.10), and putamen (p>0.50). Even though most of the structures listed in
Table 3 did not show differences in asymmetry of betweenness centrality among different
ethnic groups (p>0.50), ethnic effect was discovered on the betweenness centrality
asymmetry of the putamen (p=0.0180) but it was not survived after the correction of
multiple comparisons.

Discussion
Our study utilized DTI deterministic tractography and structural network analysis and
reported the first evidence of asymmetry of structural connectivity in the neonatal brain. In
neonates, small-world characteristics were exhibited, but did not differ between the two
cerebral hemispheres, suggesting that neighboring brain regions tightly connect to each
other and one region is only a few paths away from any other region within each
hemisphere. Moreover, the neonatal brain showed greater structural efficiency in the left
hemisphere than that in the right, suggesting that the brain regions in the left hemisphere
interconnect in better integration and segregation compared to the right hemisphere.
Furthermore, in neonates, brain regions that at later ages are known to be involved in motor,
language, and memory functions play crucial roles in efficient communications in the left
hemisphere, while brain regions involved in emotional processes play crucial roles in
efficient communications in the right hemisphere. Together these findings suggest that even
at birth, the topology of each cerebral hemisphere is organized in an efficient and compact
manner. Such organization may also appear lateralized to support specific lateralized brain
functions at birth.

The small-world characteristics (high clustering and short paths) have made a great impact
on understanding the topological organization of the brain network. The small-worldness
topology was observed in the whole brain structural network of adults (Gong et al., 2009a)
and functional networks of children and adults (Supekar et al., 2009). Recently, Yap et al.
(Yap et al., 2011) also showed that the whole brain structural network exhibited the small-
worldness property in the first two years of life. Our study provides additional support such
that each cerebral hemisphere also exhibited the small-worldness properties in the neonatal
period. These findings suggest that by even in very early postnatal life the brain favors
locally dense communication and minimizes the number of long distance connections within
and across two hemispheres. This topological organization of the brain at a global level
persists through life, supporting an idea that the human brain has efficient neural
architecture for maximizing the power of information processing from birth.
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Our study demonstrated leftward asymmetric efficiency at both global and local levels,
suggesting more information flow in the left hemisphere than that in the right as shorter
paths in the left hemisphere allow speedy information transfer in both integrated and
segregated manners among brain regions. With a large sample of 439 healthy subjects aged
from 12 to 30 years, Dennisa et al. (Dennisa et al., 2012) found that the global efficiency
was roughly the same between the two hemispheres in adolescence, but was greater in the
left hemisphere in early adulthood. However, Iturria-Medina et al. (Iturria-Medina et al.,
2011) concluded the rightward asymmetry in both global and local efficiencies in early
adulthood from a relatively small sample of 11 subjects aged from 23 to 38 years. In spite of
discrepancy, these results together with our findings suggested that leftward asymmetry in
efficiency follows either a U-shape or a decreasing line during the development from birth
to adulthood.

The leftward asymmetry in structural efficiency at birth is in line with previous structural
findings. Gilmore et al. (Gilmore et al., 2007) found that the left cerebral hemisphere was
larger than the right in healthy neonates. This is the opposite of the right-larger-than-left
asymmetry observed in older children and adults (Caviness et al., 1996; Giedd et al., 1996;
Good et al., 2001). Additionally, the left-greater-than-right asymmetry in cortical white
matter was also found in neonates (Gilmore et al., 2007), whereas white matter volumes
were symmetric in adults (Gur et al., 1999). A further provocative finding came in 1985
when Scheibel et al. (Scheibel et al., 1985) reported that the extent of high-order dendritic
branching was greater in the left-hemisphere speech area than in their homologs on the right.
Lower order dendrites were, however, longer in the right hemisphere in early life. The
greater volume and high-order dendritic branching in parallel with more efficient
communication in the left hemisphere could be a result of the adaption to lateralized
functional needs (e.g., perceptual, language, and motor functions) at birth, which was also
supported from our regional findings discussed below.

Our study found that the left precentral gyrus and insular cortex had more efficient
communications than the right homologues. This idea is consistent with various structural
findings in children and adults (Iturria-Medina et al., 2011; Luders et al., 2006; Tian et al.,
2011) as well as leftward asymmetry in motor and language functions observed in most of
right-handed people (Balsamo et al., 2006). Witelson and Pallie (Witelson and Pallie, 1973)
showed that the neonate was born with an ability to process speech sounds. It has been
suggested that the posture of the fetus may lead to motor and perceptual asymmetry at birth
and persist through life (Previc, 1991). Two-thirds of fetuses have their right side face
outwards. Lateralization of language perception may result from asymmetries in auditory
experience. In an elaborate model of motor asymmetry, Previs (Previc, 1991) argued that
asymmetrical vestibular stimulation in utero may produce behavioral asymmetries in later
life.

Beyond key neural substrates for motor and language functions, our study also observed
structural leftward asymmetries in the entorhinal cortex, fusiform, and precuneus in neonates
in terms of betweenness centrality. Even though exact functions of these three neural
substrates in the left hemisphere at the neonatal stage are unclear, we suspect that their
functions in infants are likely similar to those in adults. This has been partially illustrated by
a facial expression study in infants using a near infrared spectroscopy technique (Nakato et
al., 2011). In adults, the entorhinal cortex plays an important role in episodic memories and
is responsible for the familiarity of input signals. Functional MRI studies reveal increased
activity in the left entorhinal cortex in tasks of smelling sense (Kjelvik et al., 2012) and of
perceived pain (Ploghaus et al., 2001). The precuneus is involved with episodic memory,
reflections upon self, and aspects of consciousness. The precuneus is involved with the left
prefrontal cortex in the recall of episodic memories including past episodes related to the
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self (Lou et al., 2004). In the recollection of memories, the precuneus gates subsequent
processing of perceptual features based on familiarity (Lundstrom et al., 2005). The fusiform
is critical for face perception. Pascalis et al. (Pascalis et al., 2002) tested discrimination of
human and monkey faces by 6-month-olds, 9-month-olds, and adults, using the visual
paired-comparison procedure. Only the youngest group showed discrimination between
individuals of both species; older infants and adults only showed evidence of discrimination
of their own species. These results suggested that experience with faces is crucial to driving
the development and specialization of the system that allows normal face recognition skill.
Thus we would expect that in the neonatal period the entorhinal cortex, fusiform, and
precuneus function as hubs in a widespread network in the left hemisphere for conscious
perception and episodic memory and therefore play a crucial role in integrating experience
of sensory information with memory systems. Hence, the left hemisphere could be more
able to relate stimuli to past experience, either short or long-term in early life (Wada &
Davis 1977).

In contrast, in early life the right cerebral hemisphere could be better able to process stimuli
that are not easily identifiable or referable, such as emotion (Schore, 2000; Wada and Davis,
1977). This idea appears consistent with our findings of the rightward asymmetry in the
betweenness centrality of the limbic structures (cingulate and hippocampus) and the striatum
(putamen). These neural substrates function as hubs in the right hemisphere for emotion
processes and mother and child interaction. Among adults individual differences in activity
of the right hippocampus predicts the magnitude of the neuroendocrine response to stress
(Pruessner et al., 2008). Small hippocampal volumes at term associated with school-age
social-emotional development in preterm children (Rogers et al., 2012). The cingulate gyrus,
particularly the anterior segment, maintains rich interconnections with hippocampus and
striatum as well as other neural substrates (e.g., amygdala, thalamus, and frontal cortex) and
hence appears to be a supra-modal area that is associated with processing and modulating
emotion. There is evidence for the differential activation of the right anterior cingulate
cortex in emotional processing, especially that of self-referential emotional stimuli (Pujol et
al., 2002; Sturm et al., 2012; Yoshimura et al., 2009), emotional regulation (Beauregard et
al., 2001; Casey et al., 1997) and trait differences in emotional function (Pujol et al., 2002).
The anterior cingulate gyrus, in conjunction with the right frontal lobe, appears to provide
the foundation for mother-infant communication and the generation of separation anxiety
(Davidson and Fox, 1989).

We notice that gender specific asymmetries are often found in the human brain. For
instance, females have advantages in the left-lateralized language processing (Toga and
Thompson, 2003). Resting-state functional MRI studies showed that male adults have higher
clustering coefficient in right hemisphere and lower clustering coefficient in left hemisphere
comparing with females (Tian et al., 2011). However, our study did not reveal gender
differences in structural connectivity asymmetry in neonates. Hence, gender-hemisphere
interaction was not considered in our study. Moreover, our study did not reveal any age
effects on structural connectivity asymmetry even though the brain in terms of size and
synaptic proliferation grows rapidly during the first two weeks of life (Qiu et al., 2013)
(Gilmore et al., 2007). This is not surprising as synaptic pruning and fine-tuning that could
influence structural connectivity occur later than this early stage of life (Petanjek et al.,
2008). Finally, consistent with previous findings on individual brain structural differences
among Asian ethnic groups (Bai et al., 2012), our study showed ethnic effects on the
asymmetry of betweenness centrality in the putamen, one of the earliest developing brain
structures. It undergoes rapid morphological growth to adapt to the needs of sensorimotor
functions in early life.
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There are several concerns on structural network analysis of the neonatal brain. In the
neonatal brain, the white matter is largely unmyelinated and hence has low diffusion
anisotropy. This could cause potential termination of fiber tracking in deterministic
tractography, especially in the periphery white matter region (region close to the cortex). To
overcome this issue, our study employed the neonatal brain atlas (Oishi et al., 2011) in
which the cortical parcellation incorporates its corresponding periphery white matter region
(see illustration in Figure 1). Moreover, the deterministic tractographic technique (FACT)
rather than probabilistic tractographic technique was used in our structural network analysis.
Although the FACT algorithm may not be robust against noise, it was used in this present
study mainly because it has been validated in the infant brain (Dubois et al., 2006).

In conclusion, this study provided the first evidence of hemispheric differences in structural
connectivity of the neonatal brain. The neonatal brain is well equipped to process cognitive
functions needed at birth. This is particularly achieved by two topologically well-organized
hemispheres with distinct and lateralized functions.
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Figure 1.
A schematic diagram illustrates the major processes involved in generating the neonatal
brain networks. A. DW images of each subject are aligned to those of the neonatal atlas; B.
the parcellation of cortical and subcortical regions using the neonatal brain atlas; C. the
whole brain tractography using DTI deterministic tractography; D. the nodes (red balls)
represent cortical and subcortical regions; E. weighted edges (green lines) obtained using the
tract information.
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Figure 2.
Lateralization indices of global efficiency (A) and local efficiency (B) for all the 124
subjects.
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Figure 3.
The mean lateralization index of betweenness centrality for the 32 defined cortical and
subcortical regions. The abbreviations of the structures are given in Table 1.
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Figure 4.
Neural substrates with structural asymmetry in the betweenness centrality. The neural
substrates with leftward asymmetry are colored in green, while the neural substrates with
right asymmetry are colored in blue. The abbreviations of these substrates are given in Table
1.
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Table 1

The names and the corresponding abbreviations of the neonatal brain regions used in this study.

Anatomical Structure Abbreviation Anatomical Structure Abbreviation

Superior Frontal Gyrus SFG Fusiform Fu

Middle Frontal Gyrus MFG Parahippocampus PHG

Inferior Frontal Gyrus IFG Entorhinal cortex ENT

medial Fronto-Orbital Gyrus mFOG Superior Occipital Gyrus SOG

lateral Fronto-Orbital Gyrus lFOG Middle Occipital Gyrus MOG

Gyrus Rectus RG Inferior Occipital Gyrus IOG

PreCentral Gyrus PrCG Cuneus Cu

PostCentral Gyrus PoCG Lingual gyrus LG

Superior Parietal Lobule SPL Amygdala Amyg

PreCuneus PrCu Hippocampus Hippo

Cingulate Gyrus CingG Cerebellar hemisphere Cereb

SupraMarginal Gyrus SMG Insular cortex Ins

Angular Gyrus AG Thalamus Thal

Superior Temporal Gyrus STG Putamen Put

Middle Temporal Gyrus MTG Globus Pallidus GP

Inferior Temporal Gyrus ITG Caudate nucleus Caud
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Table 2

Efficiency measures and small-worldness of the left and right hemispheric networks.

Left Hemisphere
(mean ± SD)

Right Hemisphere
(mean ± SD) p-value

Small-worldness 2.049±1.455 2.023±1.293 ns

Global Efficiency 0.045±0.016 0.041±0.015 0.009

Local Efficiency 0.027±0.009 0.025±0.009 <0.001

SD – standard deviation; ‘ns’ – non-significance.

Neuroimage. Author manuscript; available in PMC 2014 March 19.



 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts

Ratnarajah et al. Page 19

Table 3

Asymmetry in term of betweenness centrality.

Region Classification p-value

left > right

Precentral gyrus Primary <0.001

Precuneus Association <0.001

Fusiform Association <0.001

Entorhinal cortex Association <0.001

Insular cortex Association <0.001

right > left

Gyrus rectus Association <0.001

Cingulate gyrus Association 0.001

Hippocampus Association <0.001

Putamen Subcortical <0.001
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