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Abstract

Neuroscience studies have demonstrated that functional differences in hu-
man brains between males and females might result in their cognitive and
psychological distinctions. To investigate sex differences in resting-state func-
tional networks for children, the functional brain networks of two groups in-
cluding boys and girls were reconstructed by functional connectivity with
significant between-group differences respectively based on two brain atlases,
and then the reconstructed functional networks were compared from the
viewpoint of small-world properties. The functional brain networks of the
two groups both displayed topological properties of the small-world network
based on different brain atlases but exhibited some sex differences in certain
measures. Specifically, for the automated anatomical labeling atlas, compared
with girls, boys showed stronger small-world properties and higher ability of
local information processing in brain networks; for the Harvard Oxford Atlas,
the shortest path length of boys increased, indicating poorer performance in
both global information transmission and resistance to the random attack.
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1. Introduction

In recent decades, researchers have paid more attention to sex differences based
on functional magnetic resonance imaging (fMRI) for its impressive reflection of
spontaneous and intrinsic neural activity, which is related to a variety of cogni-
tive processes [1]. Previous studies based on neuroimaging technologies have
demonstrated that the human brain is a complex network consisting of numer-
ous regions with inter-connectivity and sex differences [2]. As a frequently-used

technique in neuroscience, resting-state fMRI (rs-fMRI) has the advantage of
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revealing the activity in various brain regions noninvasively by measuring
changes of blood oxygen level dependent (BOLD) flow [3]. With the rapid de-
velopment of neurological research, functional connectivity (FC) has been ex-
tensively used in rs-fMRI to reveal the neural mechanism [4] [5]. The func-
tional differences in human brains between males and females might result in
their cognitive and psychological distinctions to some extent [6] [7] [8]. The
seed-based FC study and independent component analysis (ICA) detected
stronger connectivity in the posterior cingulate cortex (PCC), medial prefron-
tal cortex (mPFC), and inferior parietal lobule (IPL) but lower in the dorsal
anterior cingulated cortex (dACC), superior temporal gyrus (STG), insula, and
occipital lobe in females [4]. Moreover, stronger FC was observed between the
right amygdala and the sensorimotor cortex in females, and lower FC was re-
ported between the left amygdala and the subgenual cortex in males [5].

However, many of the rs-fMRI findings focused more on adults but little on
children. Previous electroencephalogram research demonstrated that boys
showed higher absolute energy and relative energy in the frequency band of Al-
pha 1-12 than girls [9], and boys were not developing as quickly as girls of the
same age [10]. Nevertheless, there are few studies about sex differences of brain
networks based on rs-fMRI for children. More importantly, sex differences
change continuously with age [9], and the incidence of certain psychological and
emotional disorders differs dramatically in boys and girls [10] [11]. Hence, sex
divisions in functional brain networks for children need to be explored further.

For the purpose of investigating complex functional networks of the human
brain, small-world properties of the graph theory have been introduced to measure
the topological attributes of brain networks [12]. The constructed resting-state
functional brain network presented high global efficiency and short characteristic
path length, which showed topological properties of the small-world network [13].
Besides, the most significant small-world properties of functional networks
were found in the low frequency band of 0.03 - 0.06 Hz [14]. What is more, the
small-world property of clustering coefficient within the right hemispheric
network formed by inter-regional temporal correlations was higher in males
than in females, proving the existence of sex-hemisphere interaction [15].

In this current study, the functional brain networks of two children groups
(boys and girls) were reconstructed by FC with significant between-group dif-
ferences respectively based on the automated anatomical labeling (AAL) atlas
and the Harvard Oxford Atlas (HOA), and then were analyzed from the view-
point of small-world properties of the graph theory, in order to investigate sex

differences in resting-state functional networks for children.

2. Materials and Methods
2.1. Data Acquisition and Preprocessing

The rs-fMRI data was acquired from the 1000 Functional Connectomes Project
(http://www.nitrc.org/projects/fcon_1000/), with 16 subjects (both 8 boys and 8
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girls with the average age of 12) included. The resting-state functional images
were obtained from a 3.0-Tesla scanner (Siemens TRIO TIM, Munich, Germa-
ny) with the following parameters: repetition time (TR) = 3000 ms, echo time
(TE) = 30 ms, flip angle (FA) = 90°, matrix size = 64 x 64, voxel size = 3.75 x
3.75 x 3.75 mm’® and 120 time points. During the process of data acquisition, all
subjects were required to close eyes without head motion or thinking and re-
quired to keep awake. Detailed demographic information of subjects was shown
in Table 1.

The rs-fMRI data of 16 subjects were preprocessed by Statistical Parametric
Mapping (SPMS8) toolbox running on MATLAB 2015b. Detailed procedures
consisted of format conversion, data elimination, realignment, slice timing,
co-registration & normalization, and smoothing with the 8 x 8 x 8 mm’

full-width-at-half-maximum Gaussian kernel.

2.2. Functional Networks Reconstruction

The time series of the two groups (boys and girls) were extracted using DPABI
toolbox (http://rfmri.org/dpabi) running on MATLAB 2015b based on 90 re-
gions of interests (ROIs) of the AAL atlas and 112 ROIs of the HOA respectively.
Pearson correlation coefficients were calculated as FC between the predefined
ROIs, and then FC matrixes of each group were generated by Fisher r-to-z
transformation. The ROIs with significant between-group differences of FC in
both AAL and HOA were selected to construct weighted undirected functional
networks separately. The sparsity thresholds (0.2 - 0.3) were determined ac-
cording to the principle that the small-worldness parameter should be more than
1.1 [16].

2.3. Small-World Properties

The main parameters of small-word properties in this work included the clus-
tering coefficient (Cp), characteristic path length (Lp), ¥ =Cp,.../CPrus > 1>
2= CPruu /Py =1 1171, o=y/2>1 [17], where Cp,, and Cp,,,
Lp,, and Lp, . represent Cp, Lp of the network to be investigated and the
random network respectively. The parameter o is directly proportional to the
small-worldness; Cp represents the degree that nodes in a network incline to

cluster together; Lp is defined as the number of edges in the shortest path be-

tween nodes [13] [17]. In addition, Cp and local efficiency (£, , ), Lp and
Table 1. Demographic characteristics of subjects.
Subjects
Variables
Boys Girls
Age (year) (Mean * SD) 12+1.32 12+1.32
Handedness (Right/Left) 8/0 8/0
SD. standard deviation.
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gobal efficiency ( £, ) were used to measure the performance of the local and

global information transmission in the brain separately. E,

0

. 1s defined as the
mean local efficiency of a graph while £, , is calculated as the reciprocal val-
ue of the harmonic mean of the minimum path length between every two nodes
[18]:

Elocal = (I/G)ZzeG Eiilocal ’ (1)

g 1 1

=), 2
global N(N—I)Z#/EG Li’j ( )

where E.

i_loca

or 112), L, isthe minimum path length between node 7and /.

, is the local efficiency of the node 7in a network G (Nx N, N=90

2.4. Statistical Analysis

The two-sample two-tailed t-tests were performed on the FC matrixes based on
AAL and HOA respectively in order to select the ROIs with significant be-
tween-group differences of FC. Then same regions from the selected ROIs based
on two-scale brain atlases were chosen again to reconstruct functional networks.
The two-sample t-tests were performed on the small-world parameters of the
two reconstructed networks based on the reselected ROIs under AAL and HOA
separately to uncover sex differences in small-world properties of reconstructed

functional brain networks for children.

3. Results

3.1. Identification of ROIs with Significant Between-Group
Differences of FC

The FC matrixes were generated from Pearson correlation coefficients by Fisher
r-to-z transformation of the two groups (boys and girls) based on 90 ROIs of
AAL and 112 ROIs of HOA were shown in Figure 1 and Figure 2 respectively.

After two-sample t-tests on the FC matrixes based on AAL and HOA sepa-
rately, the 24 ROIs of AAL in Figure 3(a) and 11 ROIs of HOA in Figure 3(b)
showed significant differences (p < 0.01) between boys and girls. Among the
ROIs with significant between-group differences (p < 0.01) based on AAL and
HOA, there were shared areas involving the right heschls gyrus, lingual gyrus,
temporal pole, inferior temporal gyrus and parahippocampal gyrus, the left tha-
lamus, temporal pole and inferior temporal gyrus in 9 ROIs of AAL and 8 ROIs
of HOA, which was listed in Table 2 and visualized in Figure 3(c).

3.2. Comparison of Small-World Properties of Reconstructed
Functional Brain Networks between Boys and Girls

The five parameters including Cp, Lp, o; A, y of small-world properties of the
reconstructed functional brain networks for boys and girls were calculated based
on AAL (0.2 < sparsity < 0.3) and HOA (0.3 < sparsity < 0.4) respectively, which
shown in Figure 4 & Figure 5. The three parameters o> 1, A = 1, y> 1 indicated
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Figure 1. The FC matrixes based on 90 ROIs of AAL. (a) and (b) showed FC matrixes based on AAL of the boy group and the girl

group respectively.
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(b) Girls

Figure 2. The FC matrixes based on 112 ROIs of HOA. (a) and (b) showed FC matrixes based on HOA of the boy group and the

girl group respectively.

that both of the two groups displayed topological properties of the small-world
network based on the two brain atlases.

The two-sample t-tests were performed on the parameters under sparsity of
0.2 - 0.4, the two groups exhibited some sex differences in certain measures
based on both of the two brain atlases. For AAL, Cp (0.20 < sparsity < 0.30) and
Lp, g, A, y(0.20 < sparsity < 0.25) showed significant between-group differences
(p < 0.05). For HOA, A (0.30 < sparsity < 0.40) showed significant be-
tween-group differences (p < 0.05) but Cp, Lp did not differ statistically between
boys and girls. To be specific, for AAL, increased Cp (0.20 < sparsity < 0.27), o
(0.20 < sparsity < 0.25), 4 (0.20 < sparsity < 0.25), y(0.20 < sparsity < 0.25), Lp
(0.20 < sparsity < 0.25) were observed in boys; for HOA, enhanced A (0.30 <
sparsity < 0.40), o (0.30 < sparsity < 0.35), y (0.30 < sparsity < 0.35) were de-
tected in boys.
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Figure 3. The ROIs with significant between-group differences of FC. (a) and (b) showed
ROIs with significant between-group differences based on AAL and HOA respectively,
and (c) shows regions in both 9 ROIs of AAL and 8 ROIs of HOA.

4. Discussions

In this study, a total of 9 ROIs of AAL corresponding to 8 ROIs of HOA were
detected with significant between-group differences of FC and then were se-
lected to reconstruct functional brain networks based on AAL and HOA for the
boy group and girl group. The small-world properties of the brain networks
were compared between boys and girls to further explore sex differences in rest-
ing-state functional networks for children.

The shared regions in both 9 ROIs of AAL and 8 ROIs of HOA showed sig-
nificant between-group differences of FC, including the right heschls gyrus, the
right lingual gyrus, the right temporal pole, the right inferior temporal gyrus, the
right parahippocampal gyrus, the left thalamus, the left temporal pole, and the
left inferior temporal gyrus. Previous studies have demonstrated that some of
these shared areas are related to sex differences in language, memory, visu-
al-spatial cognitive ability and emotion-focused coping [19] [20] [21]. As a cru-
cial role of the ventral visual pathway, the inferior temporal gyrus mainly parti-
cipates in face recognition and memory [22]. It has been reported that males
show stronger activation in the left infratemporal gyrus than females [23]. The
differences in FC of the left inferior temporal gyrus between boys and girls dur-
ing resting state in this study may be the basis of sex differences in the activity of
the temporal lobe during certain cognitive tasks. The parahippocampal gyrus,
relating to memory and emotional processing in the limbic system, can accept
the input of perceptual information and then transmit it to the hippocampus
[24]. It has been found that the left parahippocampal gyrus of males is more ac-
tivated during a language fluency test than that of females [25]. The differences
in resting-state FC of the parahippocampal gyrus between boys and girls in this

work revealed that there were sex differences in the neurological basis of the
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Figure 4. Small-world properties of the two groups based
on AAL. (a)-(e) showed the five parameters of Cp, Lp, o;
A, and yrespectively based on AAL.
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Figure 5. Small-world properties of the two groups
based on HOA. (a)-(e) showed the five parameters of
Cp, Lp, 0, A, and yrespectively based on HOA.
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Table 2. The ROIs with significant between-group differences of FC based on both AAL
and HOA.

Atlas Region p value Hemisphere
Temporal pole: superior temporal gyrus 2.46E™%® R
Lingual gyrus 0.0031 R
Temporal pole: middle temporal gyrus 0.0035 R
Inferior temporal gyrus 0.0036 R

AAL Temporal pole: middle temporal gyrus 0.0041 L
Parahippocampal gyrus 0.0049 R
Thalamus 0.0072 L
Heschl gyrus 0.0078 R
Inferior temporal gyrus 0.0084 L
Heschls gyrus (includes H1, H2) 9.12E7% R
Lingual gyrus 0.0003 R
Temporal pole 0.0006 R
Inferior temporal gyrus, anterior division 0.0007 R

HOA
Parahippocampal gyrus, posterior division 0.0009 R
Thalamus 0.0025 L
Temporal pole 0.0035 L
Inferior temporal gyrus, anterior division 0.0054 L

ability to perceive things and transmit information. The thalamus is one of the
key regions in the pathway of diverse perceptual information to the cerebral
cortex [26]. Studies have indicated that thalamo-cortical FC of males is signifi-
cantly stronger than that of females [27] [28], which is basically consistent with
the results of this research. It further proves that there are differences in the ac-
tivity of the thalamus between boys and girls during the transmission of percep-
tual information.

For small-world properties of the reconstructed functional brain networks, sex
differences were detected based on both AAL and HOA. Compared with girls,
boys showed stronger small-world properties by increased o; higher ability of
information integration and transmission by increased Cp, higher ability of
global information processing in brain networks by increased A, higher efficien-
cy for local information processing by enhanced y, as well as poorer perfor-
mance in both global information transmission and resistance to the random at-
tack by enhanced Lp. Briefly, for AAL, boys showed stronger small-world prop-
erties and higher ability of local information processing in brain networks; for
HOA, girls showed better performance in both global information transmission
and resistance to the random attack.

It is universally acknowledged that the human brain performs various func-
tions of constantly monitoring the internal and external environment, situation-
al memory, as well as continuous cognitive interpretation during the resting

state [29]. The differences of cognitive and behavioral manifestations in boys
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and girls partly result from the neurological activity within the brain, thus this
study may help to further understand sex differences in functional brain net-

works for children.

5. Conclusion

In this work, the calculated FC based on AAL and HOA showed significant be-
tween-group differences among 9 ROIs of AAL and 8 ROIs of HOA. The func-
tional brain networks reconstructed by the FC among these ROIs were analyzed
from the viewpoint of small-world properties. The boys showed stronger
small-world properties and higher ability of local information processing in
brain networks while the girls performed better in global information transmis-

sion and resistance to the random attack.

6. Limitation

This study was based on a small-sample dataset including the fMRI data of 16
children, therefore the universality of the conclusion needs to be proved on a
larger-sample dataset in the future work and the specific cognitive meaning be-

hind the results needs further exploration.
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