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Abstract: Advances in non-invasive neuroimaging, such as structural magnetic resonance imaging (sMRI), have en-

abled the construction of structural brain networks (SBNs), allowing in vivo mapping of anatomical connec-
tions. This study investigates brain network structural differences linked to different intelligence levels in
children by individual morphometric similarity networks (MSNs) derived from sMRI data. Through group-
and individual-level analyses, we aim to uncover key topological features associated with cognitive perfor-
mance and to identify a suitable connection density for SBN analysis. Connection density strongly affects
global and nodal topological features, with a range of p = 0.05 to 0.15 recommended for stable and optimal
results. Gifted individuals exhibit stronger intra-hemispheric and intra-modular connectivity, a more balanced
distribution of left-to-right intra-hemispheric connections, and lower mean versatility, supporting efficient and
stable cognitive processing. Moreover, anatomical modularity analyses based on von Economo indicate that
higher cognitive performance is linked to enhanced connectivity in specific areas (such as secondary sensory
area, motor to association area and secondary sensory to limbic area), alongside selective reduction in cer-
tain modular connections (such as motor to insular area, association to secondary sensory area and motor to
secondary sensory area). Furthermore, topological features, including participation coefficient and local effi-
ciency, are linked to cognitive performance. These findings provide valuable insights into the SBNs underlying
cognitive levels in children.

1 INTRODUCTION

Understanding the neural basis of cognitive abilities
has long been a key goal in cognitive neuroscience.
Despite considerable progress, significant gaps re-
main, particularly in understanding the structural and
functional differences in the brains of gifted individ-
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uals. A promising approach to bridging this gap is
the study of brain networks, which explores the con-
nectivity and interactions among different brain re-
gions. Recent advances in non-invasive neuroimag-
ing techniques, such as structural magnetic resonance
imaging (sMRI) and diffusion MRI, have enabled re-
searchers to map these anatomical connections in vivo
(Genonetal., 2022; Lo et al., 2011). These techniques
allow for the construction of structural brain networks
(SBNs), where the brain is modeled as a graph com-
posed of nodes (brain regions) and edges (connections
between them), providing a foundation for applying
graph theory to explore the brain’s organization and
its relationship to cognitive abilities (Faskowitz et al.,
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2022).

Two main approaches are used to construct SBNs:
tractography from diffusion-weighted imaging (DWI)
and structural covariance networks (SCNs) derived
from sMRI. SCNs traditionally compute the covari-
ance of a single morphometric feature, such as corti-
cal thickness, between regions across a group of sub-
jects (Solé-Casals et al., 2019). While this method
has been invaluable in understanding group-level
brain organization, recent advances have introduced
individual-level SCNs, allowing for a more detailed,
personalized view of brain structure by incorporating
multiple morphometric features (Kong et al., 2015;
Li et al., 2017; Yu et al., 2018; Seidlitz et al., 2018;
Li et al., 2021; Sebenius et al., 2023; Sun et al.,
2024a,b). A notable development in this field is
the morphometric similarity network (MSN) (Seidlitz
et al., 2018), which constructs individual brain net-
works using multiple structural features derived from
SMRI. MSNs are based on the pairwise correlations
of morphometric feature vectors between brain re-
gions, facilitating a more granular investigation of
the brain’s structural organization. This method has
shown promise in revealing biologically relevant pat-
terns in brain networks.

Previous research has uncovered distinct patterns
in SBNs associated with various biological charac-
teristics, such as gender (Sun et al., 2015), cogni-
tive ability (Park and Friston, 2013) and neurode-
generative diseases progression (Sun et al., 2024b).
Despite these advances, key questions remain unan-
swered. How do the topological properties of MSNs
relate to cognitive performance, particularly in chil-
dren? How do modular and hemispheric specializa-
tions contribute to neural efficiency in gifted individ-
vals? How do different connection densities affect
brain network properties? These questions are criti-
cal for understanding the structural underpinnings of
cognitive abilities.

This study addresses these gaps by constructing
MSNs from sMRI data and analyzing their topo-
logical features in relation to cognitive performance
in both gifted and control groups. Specifically, we
conduct a comprehensive group comparison analy-
sis, focusing on modular connections based on von
Economo (VE) (Von Economo, 1929), the effects
of different connection densities, intra-/inter-modular
connections based on VE and intra-/inter-hemispheric
connections. We also explore how nodal, global topo-
logical features and specific VE-Region connections
are linked to cognitive performance. By combining
group-level and individual-level analyses, this study
offers new insights into the neural mechanisms of
giftedness, emphasizing the role of anatomical mod-
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ularity, hemispheric specialization, and topological
features in efficient cognitive processing.

The rest of this paper is structured as follows: Sec-
tion 2 outlines the dataset and methods employed.
Section 3 presents the results of our analyses, which
are discussed in Section 4. Finally, Section 5 con-
cludes the study.

2 MATERIALS AND METHODS

2.1 Data

2.1.1 Participants

In this study, we use the dataset consisting of sSMRI
and cognitive tests from 29 healthy right-handed male
participants with no history of psychiatric or neu-
rological disorders (Solé-Casals et al., 2019). The
raw (anonymized) MRI data and cortical thickness
data are accessible in the OpenNeuro repository at
https://openneuro.org/datasets/ds001988.

The participants are categorized into two groups:
a control group (CG, 14 subjects) and a gifted group
(GG, 15 subjects). Details of the participants’ infor-
mation can be found in Table 1. The table indicates no
significant age differences but significant difference
in full-scale 1Q between the groups.

Table 1: Participant information.

Groups CG (Mean+SD) GG (Mean+SD)
Age 12.534+0.77 12.034+0.54
1Q 122.71£3.89 148.80+2.93

2.1.2 sMRI Data

MRI scans were performed on a 3T scanner, yielding
high-resolution T1-weighted images obtained via the
MPRAGE 3D protocol. In this study, we adopted the
sMRI preprocessing method outlined in prior research
(Solé-Casals et al., 2019). FreeSurfer v5.3 was used
for preprocessing to estimate cortical thickness from a
three-dimensional cortical surface model based on in-
tensity and continuity information (Fischl and Dale,
2000). Cortical reconstructions were independently
reviewed by two experienced researchers to ensure
adherence to quality control criteria. Each brain
was parcellated into 308 (R = 308) regions (approxi-
mately 500 mm? each) using the standard FreeSurfer
template (fsaverage) by a backtracking algorithm,
which subdivides the regions defined in the Desikan-
Killiany atlas (Desikan et al., 2006). The surface-
based (non-linear) registration by the FreeSurfer com-
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mand mri_surf2surf was then applied to warp the
parcellation from the standard template to each indi-
vidual’s native MPRAGE space (Ghosh et al., 2010).

The 308 parcellated regions are classified into
seven cytoarchitectonic cortical types based on the
VE classification (Von Economo, 1929). Concisely,
structural typel encompasses regions with minimal
laminar differentiation, notably the primary motor
cortex/precentral gyrus. Structural type2 and type3
generally include association cortices, while struc-
tural typed4 and typeS correspond to secondary and
primary sensory areas, respectively. The original VE
classification of structural types does not differenti-
ate between true six-layered isocortex and mesocor-
tex or allocortex, which exhibit distinct cytoarchitec-
tures and ontogenies. Consequently, we introduced
two additional subtypes: fype6, the limbic cortex,
encompassing the entorhinal, presubicular, retrosple-
nial, and cingulate cortices and primarily constitutes
allocortex; and type7, the insular cortex, including
agranular, dysgranular and granular regions (Solé-
Casals et al., 2019; Seidlitz et al., 2018; Vasa et al.,
2018; Vértes et al., 2016). In this study, we con-
duct anatomical modularity analyses based on VE-
Regions.

2.2 Methods

In this study, we construct MSNs from sMRI data.
Group-level analyses are performed by comparing the
average MSNs of the CG and GG to identify key
differences in brain network topology. Additionally,
we conduct individual-level analyses to explore the
relationship between cognitive performance and the
structural organization of brain networks.

2.2.1 Network Construction

In this study, we construct brain networks for each
subject using the morphometric similarity network
(MSN), which represents the structural connectivity
between brain regions (Seidlitz et al., 2018). The
MSN converts each individual’s set of multimodal
MRI features into a morphometric similarity matrix
of pairwise inter-regional correlations of morphome-
tric feature vectors. In this study, as depicted in Fig.
1, a set of d (d = 5) morphometric features (308 x 5
for each sample) derived from any T1-weighted MRI
scans: total surface area (tSA), total gray matter vol-
ume (tGMYV), average cortical thickness (aCT), in-
tegrated rectified mean curvature (iMC), integrated
rectified (Gaussian) curvature (iGC), was employed
to construct MSNs. It has been demonstrated that
the MSNs based on these five features are similar to
MSNs utilizing a broader array of features (Seidlitz

et al., 2018), with tSA, tGMYV, aCT, and iGC identi-
fied as the most discriminative features (Zhang et al.,
2021). Following prior studies (Li et al., 2017; Sei-
dlitz et al., 2018), each feature vector is standardized
by the z-score values before the correlation calcula-
tion. Nodes in the MSN correspond to the 308 regions
defined by the atlas. Edges are constructed based on
the morphometric similarity between each possible
pair of regions, quantified using the Pearson’s correla-
tion coefficient (PCC) between their normalized mor-
phometric feature vectors. Each sample’s MSN is rep-
resented as a weighted, undirected graph, where the
308 x 308 adjacency matrix contains PCC values as
edge weights. A PCC value close to -1 denotes anti-
correlation between the pair of features, while a PCC
value close to 1 denotes strong correlation between
the pair of features (Heinsfeld et al., 2018). Hence,
the diagonal elements of MSN equal to 1. However,
we uniformly assign NaN values to the diagonal ele-
ments of MSNGs.

2.2.2 Group Comparison Analyses for MSNs

As shown in Fig. 1, we compute the average brain
networks for the two groups, CG and GG. In this
section, we present a comparative analysis of these
group-level networks. The brain networks are first
reorganized into 7 VE-Regions. To identify signifi-
cant differences in connections between CG and GG
average networks, we use the Mann—Whitney U test,
a non-parametric statistical method suitable for small
samples and non-normal distributions. Additionally,
the analysis of the networks across different densities
is conducted using the minimum spanning tree (MST)
method to ensure full connectivity. Furthermore, we
investigate the nodal topological features of the net-
works, quantifying the differences between the two
groups through Euclidean distance. Moreover, we
examine intra-/inter-VE connections and intra-/inter-
hemispheric connections for CG and GG at a specific
connection density.

¢ VE-Region analysis for group brain networks.

Firstly, the brain networks are reordered according
to the 7 VE-Regions. The connections between VE-
Region k and / in a brain network A4 are defined as

A =a; (ieN'jeN.i#)) (1

where 4 represents the connections of brain net-
work between nodes in VE-Region k and nodes in
VE-Region [, with k,/ = 1,2,...,7; N* and N’ denote
the sets of nodes in VE-Regions k and [, respectively.
When k = [, 4 denotes intra-VE connections, while
for k # [, it denotes inter-VE connections.
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Figure 1: MSN construction and processing for group average MSNs. Five morphometric features (tSA, tGMYV, aCT, iMC,
iGC) are extracted from each brain region, resulting in 308 x 5 features per sample. These features are normalized using the
z-score method. MSNs (308 x 308) are then computed by calculating the PCCs between the normalized features of all region

MSNs (308%308 each,
PCCs between morphometric
features of each region)

pairs. Finally, group average MSNs are generated for both CG and GG.

The average VE connection or VE connection
strength £ (7 x 7) of a brain network A4 can be de-
fined as

k)= Y Al )

’ Mgy
where ‘E(k,l) represents the average connection be-
tween two VE-Regions k and /; ny; is the total number
of connections between nodes in VE-Regions k and /.

We assess the significant difference between CG
and GG in connections between/within each VE-
Region in the group average brain networks using
Mann—Whitney U test, as illustrated in Equation 3.

[Pu, zvaly)] = Ulvec(AK), vec(AK)] 3)
Here, A represents the connections between VE-
Regions k and / of average CG brain network, while
}Zlél represents the connections between VE-Regions
k and [ of average GG brain network. A¥ and 2¥ are
then converted to vectors for Mann—Whitney U test.
Py denotes the probability of the difference between
CG and GG in connections between VE-Regions k
and /, with lower values (typically Py < 0.05) indi-
cating a more significant difference; zvaly; denotes the
value of the normal statistic between CG and GG in
connections between/within VE-Regions & and [, with
larger absolute values (typically zvaly; > 1.96 corre-
sponding to Py; < 0.05) indicating a more significant
difference. Negative zval indicates smaller values in
the first group, while positive zval indicates larger
values. However, the interpretation of zvaly is lim-
ited here because ﬂél and ﬂé‘;l contain negative values,
making the zvaly; statistic less meaningful.

* Analysis of group average brain networks
across different density.

We analyze the effects of density on brain net-
works using the MST (Van Wijk et al., 2010) to en-
sure that all graphs of different densities are node-
connected. An MST is a subgraph that connects all
nodes using exactly R — 1 edges, where R is the num-
ber of nodes in the network. We first find the MST and
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then add edges to ensure the graph is node-connected.
The connection density p refers to the proportion of
edges presented in the network relative to the total
possible edges ((R—1)R/2, where R = 308). Notably,
when computing MST graphs for MSNs, negative val-
ues are treated as 0.

We denote M, as the MST network with con-
nection density p of a brain network 4. Given
that an MST network 9, is node-connected, the
minimum connection density p of MST network
is (R—1)/[(R—1)R/2] = 0.0065, where R = 308.
In this study, connection densities used are: p €
{0.0065,0.01,0.05,0.1,0.15,0.2,0.25,0.3,0.35,0.4,
0.5,0.6,0.7,0.8,0.9,1}.

For a MST brain network Mp, we extract the
nonzero values from upper triangle elements of M,
denoted as 7, as shown in Equation 4.

tp=vec(My(i,j) |1 <i<j<R

and M, (i, j) #0) @

We denote 7§ and 7§ as the nonzero values of upper
triangle elements of the CG and GG average brain
networks with connection density p, respectively.
Then, the Mann—Whitney U test is used to eval-
uate the significant difference between tg and tg, as
shown in Equation 5.
G ,C
[Pp,zval,| = U(t)),1},) (5)
P, denotes the probability of the difference between
1§ and € for specific p; zval, denotes the value of the

normal statistic between tg and tg.

* Nodal topological features in group networks
across different network densities.

Eight nodal topological features are adopted to
characterize the nodal topological organization of
brain networks. Each nodal topological feature is a
vector with a length equivalent to the number of re-
gions, which is R = 308 in this study.
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1. The node degree F,;(i) refers to the number of
connections that node i has to other nodes in a
graph.

2. The node strength F (i) is the sum of connection
weights for node i.

3. The eigenvector centrality (Newman, 2010) of
node i, F.(i), is equivalent to the i-th element in
the eigenvector corresponding to the largest eigen-
value of the adjacency matrix.

4. The participation coefficient F,.(i) (Guimera
and Nunes Amaral, 2005) quantifies how the con-
nections of node i are distributed across various
modules by representing the proportion of its con-
nectivity allocated to each module, identified here
using the Louvain community detection algorithm
(Blondel et al., 2008).

5. The node centrality F (i) (Brandes, 2001) quan-
tifies the proportion of shortest paths between all
node pairs in the network that pass through a given
index node i.

6. The local efficiency F;, (Rubinov and Sporns,
2010) represents the global efficiency calculated
within each node’s neighborhood and is associ-
ated with the clustering coefficient.

7. The (weighted) clustering coefficient F.. (On-
nela et al., 2005) is defined as the average “inten-
sity” (geometric mean) of all triangles associated
with each node.

8. The nodal versatility F,, (i) (Shinn et al., 2017)
assesses the consistency with which a node 7 in
a modular decomposition is linked to a particu-
lar module. The identification of modules in this
research is derived by the Louvain community de-
tection algorithm (Blondel et al., 2008)).

For analyzing the nodal topological features of
group networks, the Euclidean distance is utilized to
quantify the disparity between CG and GG average
networks across each nodal topological feature at dif-
ferent densities p. Prior to computing the Euclidean
distance, each feature of the two groups is normal-
ized to [0,1] with the Min-Max method across all
p values. We use Dy (p) represents Euclidean dis-
tance for a specific type of nodal topological feature
V € {nd,ns,ec,pc,nc,le,cc,nv} at a given connection
density p.

¢ Intra-/Inter-modular analysis based on VE-
Regions for the group brain networks.

We identify all intra-VE and inter-VE connec-
tions within a brain network 4, denoted as 47"
and gnter respectively.  Furthermore, we com-
pare the strength of intra-VE connections (Siyq =

Zﬂ,’;l,k =1) and inter-VE connections (Sjyer =
Zﬂl]]ﬁl,k # 1) for CG and GG at a specific connection

density (p = 0.1) processed by MST, with all connec-
tions positive.

¢ Intra-/Inter-hemispheric analysis for the group
brain networks.

For a brain network A4, we obtain the intra-
hemispheric connections in left hemisphere (LL) and
right hemisphere (RR), as well as inter-hemispheric
correlations between left and right hemisphere (LR),
which can be denoted as 4L, 4R and 4R, respec-
tively. Moreover, we compare the strength of left
intra-hemispheric connections (Sz; = ¥ 45%), right
intra-hemispheric connections (Sgg = ¥ AKY) and
inter-hemispheric correlations (Syg = Zﬂ[];R) for CG
and GG at a specific connection density (p = 0.1) pro-
cessed by MST, with all connections positive.

2.2.3 Individual Cognitive Analyses for MSNs

This part explores the relationship between cognitive
performance and the structural organization of brain
networks, using two analytical approaches: the con-
nection strengths between VE-Regions and the global
topological features of brain networks. Both analyses
rely on the Spearman correlation to quantify the as-
sociations between network metrics and full-scale 1Q
scores.

The Spearman correlation is a non-parametric
measure of rank correlation, evaluating the statistical
dependence between the rankings of two variables.
It determines how well the relationship between two
variables can be described using a monotonic func-
tion. The Spearman correlation coefficient (SCC) is
denoted as p in this work. We consider p > 0.2 as in-
dicating a significant positive monotonic relationship,
while p < —0.2 is interpreted as a significant negative
monotonic relationship.

The following in this part focuses on individual
cognitive analysis based on VE-Region connections
and global topological features of brain networks.

 Individual cognitive analysis based on VE-
Regions.

As defined in 2.2.2, E(k,l) represents the VE
connection strength between two VE-Regions k and
[ within a brain network 4. We introduce E?(k,l)
as the vector of the connection strength between the
two VE-Regions k and [ across all subjects’ brain
networks at connection density p. To measure the
relationship between VE connections and cognitive
performance, we use pP(E”(k,l),C) to denote the
SCCs between each VE-Region connection strength
EP(k,l) and full-scale IQ scores C.
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* Individual cognitive analysis with global topo-
logical features of brain networks.

Ten network metrics are adopted to characterize the
global topological organization of structural brain net-
works:

1. The assortativity (Newman, 2002) f, is defined
as the correlation coefficient for the degrees of
neighboring nodes, which refers to the tendency
of nodes in a network to link with other similar
nodes.

2. The transitivity f; is the ratio of “triangles to
triplets” in the network.

3. A network’s global efficiency (Latora and Mar-
chiori, 2001) fg, is the reciprocal of the harmonic
mean of its path lengths.

4. The characteristic path length (Watts and Stro-
gatz, 1998) f.,; is the average shortest path length
between all possible pairs of nodes in a network.
Moreover, the characteristic path length of a net-
work is strongly positively correlated with the net-
work’s average strength.

5. The mean participation coefficient f,,. can
measure the global integration of a network.

6. The mean clustering coefficient f,,.. is the mean
value of the clustering coefficient of a network.

7. The mean versatility f,,, is the mean value of
nodal versatility which can measure the global in-
tegration of a network.

8. The ratio of left to right intra-hemispheric con-
LL

L a
nections is denoted as fj, = =22 where A} and

P
Y agr>
ARK are denoted as the intra-hemispheric connec-
tions in the left and right hemisphere of a MST

network with density p, respectively.

9. The ratio of intra- to inter-hemispheric connec-

L ALE+Y AR
tions is denoted as f;; = %, where LR
4

is denoted as the inter-hemispheric connections of
a MST network with density p.

10. The ratio of intra- to inter-VE connections is
Y Akl k=l
T A kAL
connections between two VE-Regions k and / in a

MST network with density p.

denoted as fyg = where ﬂ’;l represents

In this research, we aim to enhance our compre-
hension of the relationship between these topological
features and cognitive abilities. We analyze Spearman
correlations between the full-scale IQ scores and each
global topological feature of the brain networks.

Here we utilize pP(ff,C) to denote the
SCC between each global topological fea-
ture fP and full-scale IQ scores C, where
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v € {a,t,ge,cpl,mpc,mcc,mv,lr,ii, VE} represents
various global topological features.

3 RESULTS

3.1 Group Analysis Results for MSNs

As illustrated in Section 2.2.2, we conducted group
comparison analyses of MSNs, and the results are
shown in Fig. 2.

3.1.1 Results of VE-Region Analysis for Group
Average Brain Networks

¢ Heatmap Comparison for Group Average
Brain Networks.

Fig. 2 a shows the heatmaps of group average net-
works for VE-ordered MSNs. In each heatmap, the
value range represented by colors varies from -1 to 1,
and warmer colors indicate higher values. Typically,
MSNs encompass both positive and negative values.
Notably, it appears that there is no discernible visual
distinction between the CG and GG in the heatmaps
of the group average MSNs.

e Comparison of Top 1% Group Brain Net-
works.

Fig. 2 b displays the top 1% (absolute) of group
average brain networks, as visualized using Brain-
Net Viewer (Xia et al., 2013). The seven-colored
nodes represent the grouped VE-Regions, and the
color links denote intra-VE connections, while grey
links denote inter-VE connections. The size of nodes
reflects the degree in the network. Top 1% of a brain
network (R = 308) contains [(R—1)R/2] x 1% = 474
connections. Notably, discernible visual differences
exist between the CG and GG average MSNs for
the top 1% of connections: GG shows more intra-
VE connections and fewer inter-VE connections com-
pared to CG.

* Results of Average VE-Region Connections of
Group Brain Networks.

As detailed in Section 2.2.2, we compute the aver-
age VE connection ‘E, for the average brain network
of each group. The results are shown in Figure 2 c.
In the figure, each cell in the heatmaps represents the
average connection between VE-Regions k and /, de-
noted as E(k,!). The seven diagonal values corre-
spond to the average of connections within each intra-
VE-Region, while the values in the lower triangle rep-
resent the average of connection between each inter-
VE-Region pair. From the visualization, the group
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between tg and tg for group average MSNs across different connection densities p. f. Euclidean distance between CG and
GG average networks on each nodal topological feature across different connection densities p. g. Violins for intra-/inter-VE
connections of group average MSNs. h. Strength of intra-VE (S;;,) and inter-VE (Sj;.r) connections for CG and GG at a
connection density of p = 0.1. i. Violins for intra-/inter-hemispheric connections of group average MSNs. j. Strengths of
hemispheric connections, Szz,, Sgr and Sy g, at a connection density of p = 0.1.

average MSNs reveal more pronounced differences
between the CG and GG in the average VE-Region
connections in VE 4-4, 4-6, 5-5, 1-7 and 2-4 (differ-
ences > 0.3). Specifically, GG exhibits stronger av-
erage connections in VE 4-4 and 4-6, while showing
weaker average connections in VE 5-5, 1-7 and 2-4.

* Significant Difference Evaluation Between CG
and GG Across Each VE-Region Connections.

As described in Section 2.2.2, we evaluate the sig-
nificant difference between the connections of AX
and ﬂé‘;l for each VE-k and VE-/. Figure 2 d provide a
visual representation of Py; values resulting from the
Mann—Whitney U test. It is apparent that the group
average MSNs exhibit significant differences between
the CG and GG in the VE connections 4-4, 1-7 and 2-
4, with Py < 0.05. Additionally, notable differences
are observed in VE connections 1-2, 1-4 and 4-6,
with Py 2 0.05. These findings align closely with the
“Results of average VE-Region connections of group
brain networks,” which also identify pronounced dif-

ferences between CG and GG in VE-Region connec-
tions 4-4, 4-6, 1-7 and 2-4 (differences > 0.3).

3.1.2 Analysis Results of Group Average Brain
Networks Across Different Density

As described in Section 2.2.2, we conducted an anal-
ysis to examine the effects of network density on the
difference between average CG and GG brain net-
works by comparing tg and tg across different con-
nection densities p. Fig. 2 e displays the zval, results
of the Mann-Whitney U test between 7S and 1§ for
group average MSNs across different connection den-
sities p. The zval, values for MSN exceed 1.96 for p
values ranging from 0.15 to 0.4, reaching a maximum
of 2.80 at p = 0.3, indicating significantly larger con-
nection values in the CG average MSN compared to
the GG average MSN. Notably, the zval, values stabi-
lize as p > 0.5. This stability arises from the roughly
equal numbers of positive and negative connections in
the MSNss, as observed in Section 3.1.4, with negative
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connections being treated as zero. This also explains
the stability observed in the nodal topological feature
analysis when p > 0.5 in the following Section 3.1.3.

3.1.3 Analysis Results of Nodal Topological
Features in Group Networks Across
Various Network Densities

Figure 2 f presents the Euclidean distance Dy (p) be-
tween the CG and GG average networks on each
nodal topological feature at different densities p, in-
cluding: D, (teal triangles), D, (red crosses), D,
(red circles), Dp. (orange diamonds), D,. (green
dots), Dy, (purple squares), D.. (blue asterisks), D
(cyan stars).

Notably, the trends of D,y vs. D, and D, vs. Dy,
exhibit similar patterns as p varies. Additionally, the
values of D, and D, are slightly higher than those of
D,,4 and D, respectively. The details are as follows:

* Both D,; and D, values start low at very small p
and show a slight increase as p increases, with a
relatively stable trend as p = 0.15 ~ 0.3.

* Both D;, and D, values start low, rise sharply,
peak at p = 0.05, and then decrease rapidly.

* D, values exhibit an early sharp increase, peak-
ing at p = 0.1, followed by a gradual decline.
Despite the decline, they maintain higher values
compared to other features.

* D,, values start high, peak early (p = 0.01), and
then decline steadily as density increases, still
maintaining higher values compared to other fea-
tures.

* D, values show an initial peak at lower densities
(p = 0.0065 and p = 0.01), followed by a rapid
decline, stabilizing at very low values.

* D, remain very low values except for a noticeable
increase at p = 0.15.

3.1.4 Results of Intra-/Inter-modular
Connections Based on VE-Regions for
Group Brain Networks

Figure 2 g shows violin plots representing the intra-
VE and inter-VE connections for CG and GG average
MSNSs. Each violin includes a white dot representing
the average value. The light red violins correspond
to 4" and 4" for CG, while the light blue vio-
lins represent 47" and 42" for GG. The connection
values in the group average MSNs range from —1 to
1. Moreover, the average value of intra-VE connec-
tions is consistently higher than that of inter-VE con-
nections in both CG and GG average MSNs. How-
ever, the differences in intra-VE and inter-VE connec-
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tions between CG and GG are minimal in the original
group average MSNs.

Fig. 2 h illustrates the intra-VE connection
strength (S;r,) and inter-VE connection strength
(Sinzer) for CG and GG at a connection density of
p = 0.1. Both CG and GG exhibit stronger intra-
VE connectivity compared to inter-VE connectivity.
However, GG demonstrates stronger intra-VE con-
nectivity and weaker inter-VE connectivity compared
to CG.

3.1.5 Results of Intra-/Inter-hemispheric
Analysis for Group Average Brain
Networks

Fig. 2 i illustrates the violin plots depicting the intra-
/inter-hemispheric connections of each group average
brain network. The dot in each violin represents the
average value. The light red violins represent the LL,
RR, and LR connections in the average CG brain net-
work, while the light blue violins represent those in
the average GG brain network. It can be observed that
the differences in hemispheric connections between
CG and GG are minimal in the original group average
MSNEs.

Fig. 2 j illustrates the hemispheric connection
strengths, S7z, Sgg, and Sig, at a connection density
of p = 0.1. The results show that both CG and GG
exhibit stronger right intra-hemispheric connections
than left intra-hemispheric connections, and stronger
inter-hemispheric connections than intra-hemispheric
ones. However, GG shows higher S;;, weaker Sgg,
and slightly weaker Sz compared to CG.

3.2 Results of Individual Cognitive
Analysis for MSNs

As outlined in Section 2.2.3, we analyzed the relation-
ship between cognitive performance and the structural
organization of individual MSNs using Spearman cor-
relation, with the results presented in Fig. 3. As stated
in Section 3.1, stability in MSNs occurs when the con-
nection density p > 0.5. Therefore, our analysis fo-
cuses on connection densities p < 0.6 in this section.

3.2.1 Results of Individual Cognitive Analysis
Based on VE-Regions

As described in 2.2.3, we analyzed the Spearman
correlations between full-scale IQ scores and each
VE-Region connection strength E”(k,) across dif-
ferent connection densities p. The SCC results
p?(E?(k,l),C) are shown in Fig. 3 a. Each line corre-
sponds to a different connection density p = 0.0065 ~
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Figure 3: Results of individual cognitive analysis for MSNs. a. SCCs p”(E? (k,l),C) between each VE-Region connection
strength EP (k,1) and full-scale IQ scores across different connection densities p. b. SCCs p?(f%,C) between various global
topological features (v) of MSNs and full-scale IQ scores (C) across different connection densities p.

0.6. The x-axis represents the various VE-Region
connections, while the y-axis denotes the SCC values.
It can be observed that:

* For lower connection densities (p < 0.05), SCCs
exhibit more pronounced variations and instabil-
ity compared to those observed at higher connec-
tion densities (p > 0.1) for the corresponding VE-
Region connections, particularly in 1-1, 6-6, 1-4,
1-6, 3-6 and 4-6. However, there are higher SCCs
in VE-Region connections of 1-6, 3-4, and 4-6 as
p <0.05.

* As the connection density p > 0.1, the SCCs for
each VE-Region connection tend to stabilize, with
significant positive correlations for VE-Region
connections 1-1, 2-2, 4-4, 3-7, 5-6, 1-2 and 4-
6, significant negative correlations for VE-Region
connections 5-5, 1-4, 1-7, 2-4, 2-7, 3-4, 4-5 and
4-7.

3.2.2 Results of Individual Cognitive Analysis
with Global Topological Features

As described in 2.2.3, we analyzed the Spearman cor-
relations between each global topological feature of
brain networks and the full-scale IQ scores across dif-
ferent connection densities p. The results are dis-
played in Fig. 3 b. The x-axis represents different
values of p from 0.0065 to 1, while the y-axis shows
the SCCs for each feature. It can be observed that the
values of p?(f,C) vary with different global topo-
logical features for MSNs:

* 1Q is significantly positively correlated with the
ratio of intra- to inter-hemispheric connections
(fi) for 0.05 < p < 0.2 (with the highest p = 0.36

at p = 0.05), and with the ratio of intra- to inter-
VE connections (fyg) across all p values (with
the highest p = 0.46 at p = 0.05). These find-
ings suggest that individuals with higher IQ tend
to exhibit stronger intra-hemispheric and intra-
modular connections while displaying weaker
inter-hemispheric and inter-modular connections.

IQ is significantly positively correlated with ra-
tio of left to right intra-hemispheric connec-
tions f;, when p = 0.1, indicating stronger left
intra-hemispheric connections in individuals with
higher IQ.

IQ is significantly negatively correlated with
mean versatility f,,, when 0.05 < p <0.15, sug-
gesting less versatility in MSNs of individuals
with high cognitive performance.

Correlations between IQ and mean participation
coefficient f,,,. exhibit sharp fluctuations as con-
nection density p changes for MSNs.

There are no significant correlations between 1Q
and other global topological features, includ-
ing assortativity f,, transitivity f;, global effi-
ciency fg., characteristic path length f.,; (aver-
age strength), mean weighted clustering coeffi-
cient fycc.

Generally, the correlations p?(f?,C) tend to
achieve higher values when 0.05 < p < 0.15 in
more cases.
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4 DISCUSSION

In this study, we used sMRI data to compute the
MSNs of children with different intelligence levels.
We compared group-level MSNs of CG and GG to
identify key differences and analyzed individual-level
data to link cognitive performance with brain network
structure. The results of our experiments revealed
several important findings:

* The effects of connection density.

The effects of connection density on brain networks
reveal distinct trends in both group and individual
analyses. (1) Group-level analysis: The signifi-
cant differences between the CG and GG networks
become more pronounced when p = 0.15 ~ 0.4.
The Euclidean distances between the nodal topolog-
ical features of two groups show high sensitivity to
changes in density when p < 0.05, peaking between
p = 0.05 ~ 0.25 in most cases. (2) Individual-
level analysis: For VE-Region connections, lower
connection densities (p < 0.05) tend to show more
pronounced variations in correlations with IQ, while
higher densities stabilize these correlations. For
global topological features, higher SCCs are achieved
when p = 0.05 ~ 0.15. Generally, a connection den-
sity of p = 0.05 ~ 0.15 is recommended in MSN cog-
nitive analysis for stable and optimal results. Thus,
we chose a connection density of p = 0.1 for group-
level analyses of intra-/inter-modular and intra-/inter-
hemispheric connections.

* The relationship between VE-Region (modu-
lar) connections and cognitive performance.

Both the group and individual analyses reveal that
there are stronger connections in VE 4-4 (secondary
sensory area), 1-2 (motor to association area) and 4-
6 (secondary sensory to limbic area) for individuals
with higher IQ scores. Conversely, weaker connec-
tions in VE 1-7 (motor to insular area), 2-4 (associa-
tion to secondary sensory area) and 1-4 (motor to sec-
ondary sensory area) are observed in individuals with
higher IQ scores. These findings suggest that higher
cognitive performance is linked not only to enhanced
connectivity in specific sensory, motor, and limbic ar-
eas but also to a selective reduction in certain modular
connections, potentially contributing to greater neural
efficiency.

* Analyses on intra-/inter-modular and intra-
/inter-hemispheric connections

In the group average analysis, both CG and GG
demonstrate stronger intra-VE connections compared
to inter-VE connections, as well as stronger right
intra-hemispheric connections compared to left intra-
hemispheric connections, aligning with (Jiang et al.,
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2019). Moreover, both group and individual anal-
yses reveal that individuals with higher IQ tend
to display stronger intra-VE and intra-hemispheric
connections, alongside weaker inter-VE and inter-
hemispheric connections. As stronger MSN con-
nectivity reflects greater morphometric similarity, in-
dividuals with higher IQ demonstrate higher mor-
phometric similarity within VE-Regions and hemi-
spheres, alongside greater differentiation between
VE-Regions and between the left and right hemi-
spheres. These findings suggest a more integrated
intra-hemispheric and intra-VE-Region organization,
which may facilitate more efficient cognitive pro-
cessing (Solé-Casals et al., 2019; Santarnecchi et al.,
2015; Krupnik et al., 2021). Additionally, the anal-
ysis shows that a higher ratio of left-to-right intra-
hemispheric connections in MSNs is associated with
enhanced 1Q, suggesting that individuals with higher
1Q exhibit a more balanced distribution of connec-
tions between the left and right intra-hemispheric net-
works. Interestingly, this finding contrasts with (Solé-
Casals et al., 2019), which reported stronger right
intra-hemispheric connections for the GG in tradi-
tional SCNs.

¢ The relationship between topological features
and cognitive performance.

Our analysis reveals significant associations between
certain topological features of brain networks and IQ.
(1) Group-level analysis: Sensitivity to connection
density varies across nodal topological features. The
participation coefficient F ., nodal versatility F,, lo-
cal efficiency F), and clustering coefficient f.. are
sensitive to density variations, and achieve higher
Euclidean distance when p = 0.05 ~ 0.1. Both the
node degree F,; and node strength F,, stably achieve
high Euclidean distance as p = 0.15 ~ 0.3. However,
the node centrality F,. and eigenvector centrality F .
show little utility for cognitive analysis, as they do
not perform well in distinguishing cognitive groups.
(2) Individual-level analyses: IQ is negatively cor-
related with mean versatility f,,, at p = 0.05 ~ 0.1,
contrasting with (Solé-Casals et al., 2019), which
found higher mean versatility for the GG in traditional
SCNs. Other features, such as the mean participation
coefficient, show fluctuating correlations across den-
sities are less reliable for MSN cognitive analysis.
This study has some limitations. First, the small
sample size may reduce the generalizability of the
findings, underscoring the need for larger cohorts in
future research. Second, we neglect the negative value
in MSNs in connection density related analyses, po-
tentially affecting the interpretation of network struc-
tures. Third, while the study focuses on structural
networks, integrating functional imaging data could
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provide deeper physiological and cognitive insights.

S CONCLUSIONS

In this study, we constructed MSNs from sMRI data
to investigate brain network characteristics in chil-
dren with different intelligence levels. Group-level
analyses were performed by comparing the average
MSNss of the CG and GG to identify key differences in
brain network topology. Additionally, we conducted
individual-level analyses to explore the relationship
between cognitive performance and the structural or-
ganization of brain networks.

Our results show that variations in connection
density have a significant impact on both global and
nodal topological features, with each exhibiting dis-
tinct trends. A connection density of p =0.05 ~ 0.15
is recommended in MSN cognitive analysis for sta-
ble and optimal results. Additionally, gifted indi-
viduals exhibit stronger intra-hemispheric and intra-
modular connectivity, weaker inter-hemispheric and
inter-modular connectivity, a more balanced distri-
bution of left-to-right intra-hemispheric connections,
and lower mean versatility, which may be associ-
ated with more efficient and stable cognitive process-
ing. Moreover, the analyses on anatomical modular-
ity of VE indicate that higher cognitive performance
is linked not only to enhanced connectivity in spe-
cific modules (such as secondary sensory area, mo-
tor to association area, and secondary sensory to lim-
bic area) but also to a selective reduction in certain
modular connections (such as motor to insular area,
association to secondary sensory area, and motor to
secondary sensory area), potentially contributing to
greater neural efficiency. Furthermore, key topolog-
ical features, such as participation coefficient, nodal
versatility, local efficiency and clustering coefficient,
are linked to cognitive performance at specific con-
nection density. However, other features, such as
the mean participation coefficient (showing fluctuat-
ing correlations across densities), assortativity, char-
acteristic path length, and the mean weighted clus-
tering coefficient (showing no significant correlations
with IQ), are less reliable for MSN cognitive analysis.

In conclusion, our findings highlight the effects
of connection density and demonstrate how modu-
lar and hemispheric connectivity, along with specific
topological features, relate to children’s cognitive per-
formance. These insights pave the way for future re-
search to further explore the neural mechanisms un-
derlying cognitive abilities with brain networks. By
using larger, more diverse samples and longitudinal
designs, future studies could enhance our understand-

ing of how brain network topology evolves with cog-
nitive development and deepen our knowledge of the
neural mechanisms that underpin human intelligence.
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