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ABSTRACT

The sliding-window-based dynamic functional connectivity network (D-FCN) has
been becoming an increasingly useful tool for understanding the changes of brain
connectivity patterns and the association of neurological diseases with these dynamic
variations. However, conventional D-FCN is essentially low-order network, which
only re ects the pairwise interaction pattern between brain regions and thus
overlooking the high-order interactions among multiple brain regions. In addition,
D-FCN is innate with temporal sensitivity issue, i.e., D-FCN is sensitive to the
chronological order of its subnetworks. To deal with the above issues, we propose a
novel high-order functional connectivity network framework based on the central
moment feature of D-FCN. Speci cally, we rstly adopt a central moment approach
to extract multiple central moment feature matrices from D-FCN. Furthermore, we
regard the matrices as the pro les to build multiple high-order functional
connectivity networks which further capture the higher level and more complex
interaction relationships among multiple brain regions. Finally, we use the voting
strategy to combine the high-order networks with D-FCN for autism spectrum
disorder diagnosis. Experimental results show that the combination of multiple
functional connectivity networks achieves accuracy of 88.06%, and the best single
network achieves accuracy of 79.5%.

Subjects Bioinformatics, Neuroscience, Cognitive Disorders, Radiology and Medical Imaging,
Computational Science

Keywords Autism spectrum disorder, Functional magnetic resonance imaging, Functional
connectivity, High functional connectivity network, Low functional connectivity network, Dynamic
functional connectivity network, Central moment feature, Feature extraction, Feature selection,
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INTRODUCTION

Autism Spectrum Disorder (ASD) is a childhood nervous system developmental
disorder and persists into adulthood. Its main clinical manifestations include social and
communication dif culties, restricted interest, repetitive behavior, and language
developmental disorder. According to the latest report by the Centers for Disease Control
and Prevention, about one in 59 American children is affected by some forms of ASD
and four times more common among boys than among girls. To date, there is no effective
way to completely cure ASD, individuals with ASD suffer from lifelong illness (Elisabeth
Fernell & Gillberg, 2013; Ecker, Bookheimer & Murphy, 2015). Therefore, it is of great
signi cance to diagnose and intervene ASD as early as possible for the improvement of
patients’ quality of life. Accurate brain imaging-based ASD diagnosis is still challenging
since brain anatomical and functional changes in this stage are considerably subtle. By far,
previous studies (Wang et al., 2020; Huang et al., 2018) have already indicated that
resting-state functional magnetic resonance imaging (RS-fMRI) can serve as a promising
imaging technique for ASD diagnosis.

RS-fMRI is an emerging neuroimaging technology, which uses blood oxygenation
level-dependent (BOLD) signals to explore the biomarkers of nervous system diseases and
has been successfully applied to the diagnosis of ASD. Functional connectivity (FC),
de ned as the temporal correlation of BOLD signals in different brain regions, can exhibit
how structurally segregated and functionally specialized brain regions interact with each
other (Friston et al., 1993; Michael, 2008). FC network has been of great importance
for discovering the functional organization of human brain and searching for the
biomarkers of the neuropsychiatric disorders, such as Alzheimer’s disease (Chen et al.,
2017; Hao et al., 2017) and autism spectrum disorder (ASD) (Zhao et al., 2018; Wee, Yap &
Shen, 2016). Currently, researchers have proposed various FC network modeling methods
for ASD assisted diagnosis (Liu & Huang, 2020; Zhao et al., 2020; Zhao et al., 2021).
For example, Liu & Huang (2020) estimated the severity of ASD by multivariate model
analysis, and they found that some FCs suffer from abnormal alterations in ASD patients.
Zhao et al. (2021) proposed a unit-based personalized ngerprint feature selection
(UPFFS) strategy and applied to ASD, they found that the top selected discriminative brain
regions by UPFFS are related to visual processing, social cognition, and emotional
expression which is associated with ASD. Overall, previous studies have shown that FC
networks have great potential for revealing FC de citsand nding abnormal brain regions
in ASD patients.

Due to the complexity of human brain, the FC relationship among different brain
regions may be re ected at multiple levels. However, many previous studies usually used
the single characteristic of FC to construct FC network (Zhang et al., 2016; Wee et al., 2016;
Zhang et al., 2018). For instance, Wee et al. (2016) proposed a classi cation method
based on a sparse temporal dynamic network, and suggested that the temporal dynamic
information is crucial for accurate diagnosis of neurological disorders, but it failed to
capture the complex high-order FC pattern. Zhang et al. (2016) constructed a high-order
FC network to capture this second-level relationship using inter-regional resemblance of
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the FC topographical pro les, it is more sensitive to group difference, able to better capture
individual variability, and able to show more prominent modular structures. However, this
method is based on the assumption and FC is static pattern of it, which ignores the
dynamic characteristic of FC. The above two types of FC network are analyzed from the
view of dynamic and static high-order, respectively. Therefore, how to effectively simulate
the complex FC interaction pattern which combines dynamic and high-order is still an
important challenge.

Sliding window method is the popular method to construct dynamic FC network
(D-FCN). However, D-FCN re ects the pair-wise dynamic FC relationship between brain
regions and ignores the FC interaction pattern among multiple brain regions, in such a
sense, the D-FCN is called low-order D-FCN (LoD-FCN). Correspondingly, the FC
network which can re ect the FC relationship among multiple brain regions is called
high-order FC network. LoD-FCN is sensitive to the chronological order of its
subnetworks, which makes it dif cult to make consistent and meaningful comparisons
among different subjects (Chen et al., 2016). Speci cally, the FC subnetwork of LoD-FCN
depends on its relative position in the whole time series, if the relative positions of the two
FC subnetworks are switched, the LoD-FCN will be changed. This leads to the sensitivity of
LoD-FCN to its subnetwork, which limits its use in comparative studies. In order to
eliminate the sensitivity, the central moment method was used to extract features from
LoD-FCN (Zhao et al., 2020, 2021). The central moment feature is a common translation
invariant feature, which re ects the shape information of the target and is often used in
feature extraction of sequences or waveforms. In theory, the change characteristics of a
random sequence can be better represented by central-moment features, the second-order
central moment (i.e., variance) can re ectthe uctuation level, third-order central moment
can re ect the skewness, and the fourth order central moment can re ect the kurtosis,
and so on. Note that the rst central moment is equivalent to 0 in the mathematical sense,
we use the mean instead of the rst central moment in this study.

Inspired from the LoD-FCN and the central moment method, we propose a novel
high-order FC network framework which re ects the interaction of low-order dynamic
FCs on the moment-level to measure brain high-order FC pattern. Speci cally, we rstly
construct a LoD-FCN by the sliding window strategy, and then, the central moment
method is employed to extract central moment feature FC network (CM-FCN) from
LoD-FCN. We regard the row of the CM-FCN as the FC topographical pro le of a special
brain region, re ecting the central-moment features of the FC time series from the
LoD-FCN. Then, the high-order FC is computed between two FC pro les. Each order
central moment re ects the statistical information of FC dynamic changes, and multiple
high-order FC networks can be constructed by changing the order number.

Our motivation is based on the hypothesis that FC of ASD children may change at the
moment-level, which may be due to miswiring during abnormal development. CM-FCN
re ects the topographical information of the center moment feature of dynamic FC,
which provides rich discriminative information for disease recognition and classi cation
(Zhao et al., 2020). However, CM-FCN is essentially a low-order network, since it
captures pair-wise FC topographical information. The current propose mothed provides
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Figure 1 The FC of the i-th (j-th) brain region and other brain regions.
Full-size  DOI: 10.7717/peerj.11692/ g-1

diagnostic information for ASD by calculating the correlation between the central moment
statistical features of brain FC dynamic changes. This method includes both dynamic
characteristic of low-order FC and complex high-order FC pattern.

Taking variance as an example, the variance re ects the uctuation level, the larger
the variance value of FC changes along time, the more unstable FC in the during scan.
As show in Fig. 1, the FC between the i-th (j-th) brain region and other brain regions is
dynamic. Whether the stability of FC between the i-th brain region and other brain regions
is related to the FC of j-th brain region with other regions, which can be re ected in
the correlation strength of variances. We propose that the FC changes between the i-th
brain region and other brain regions may related to the FC changes between the j-th brain
region and other brain regions. This interaction by calculating the correlation of central
moment features may provide important information for the diagnosis of ASD.

In summary, our high-order FC network has the following advantages: (1) it takes the
FC time-varying characteristics into account since it takes the LoD-FCN as the
infrastructure; (2) multiple high-order FC networks can be constructed by changing the
order of the central moment to represent the interaction patterns of brain regions; (3) the
discriminability can be further improved by integrating multiple high-order FC networks.

MATERIALS & METHODS

In this paper, lowercase letters (e.g., X) denote scalars, lowercase bold letters (e.g., X) denote
vectors, and uppercase bold letters (e.g., D) denotes matrices or FC networks. All FC
networks are stored in matrices, where each column (or row) denotes a vertex of the
corresponding FC network and the element denotes the associated weight of an edge
between two vertices.
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