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Abstract
Background: Cognitive impairment is themost common long-term complication in childrenwith congenital heart disease (CHD)
and is closely related to the brain network. However, little is known about the impact of CHD on brain network organization.
This study aims to investigate brain structural network properties that may underpin cognitive deficits observed in children with
Tetralogy of Fallot (TOF).
Methods: In this prospective study, 29 preschool-aged children diagnosed with TOF and 19 without CHD (non-CHD) were
enrolled. Participants underwent diffusion tensor imaging (DTI) scans alongside cognitive assessment using theChinese version of
theWechsler Preschool and Primary Scale of Intelligence—fourth edition (WPPSI-IV). We constructed a brain structural network
based on DTI and applied graph analysis methodology to investigate alterations in diverse network topological properties in TOF
compared with non-CHD. Additionally, we explored the correlation between brain network topology and cognitive performance
in TOF.
Results: Although both TOF and non-CHD exhibited small-world characteristics in their brain networks, children with TOF
significantly demonstrated increased characteristic path length and decreased clustering coefficient, global efficiency, and local
efficiency compared with non-CHD (p< 0.05). Regionally, reduced nodal betweenness and degree were found in the left cingulate
gyrus, and nodal efficiency was decreased in the right precentral gyrus and cingulate gyrus, left inferior frontal gyrus (triangular
part), and insula (p< 0.05). Furthermore, a positive correlation was identified between local efficiency and cognitive performance
(p < 0.05).
Conclusion: This study elucidates a disrupted brain structural network characterized by impaired integration and segregation
in preschool TOF, correlating with cognitive performance. These findings indicated that the brain structural network may be a
promising imaging biomarker and potential target for neurobehavioral interventions aimed at improving brain development and
preventing lasting impairments across the lifetime.

Abbreviations: CHD, Congenital Heart Disease; DTI, Diffusion Tensor Imaging; TOF, Tetralogy of Fallot.
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1 Introduction

Congenital heart disease (CHD) is the most common congen-
ital defect in children (van der Linde et al. 2011). Notably,
advancements in surgical techniques and perioperative care have
augmented survival rates; a growing number of children with
CHD have been able to survive to adulthood. However, cognitive
impairments encompassing deficits in language, attention, execu-
tive function, andmemory are widely recognized as predominant
long-term sequelae in this population (Olsen et al. 2011; Sananes
et al. 2012; Tabbutt, Gaynor, and Newburger 2012; Naef et al.
2017). These neurodevelopmental disorders may stem from early
brain development impairment or acquired brain damage. Com-
pared with non-cyanotic CHD children, cyanotic CHD children
experienced diminished oxygen delivery to various systemic
organs, including the brain, potentially leading to delayed brain
maturation (Yagi et al. 2017; Mulkey et al. 2014; Kelly et al. 2017).
These adverse cognitive performances have spurred investiga-
tions into brain development in CHD, particularly the utilization
of noninvasive multimodal MRI techniques. Multimodal MRI
studies have revealed reduced brain volume, aberrant cortical
morphology, white matter microstructural abnormalities, and
impaired brain function both preoperatively and postoperatively,
some of which exhibit significant associations with unfavorable
cognitive performance (Kelly et al. 2017; de Asis-Cruz et al.
2018; Fontes et al. 2019; Easson et al. 2020; Morton et al. 2020).
However, despite these findings, the neurobiologicalmechanisms
underlying cognitive impairment in CHD remain to be fully
elucidated.

Brain network organization is closely linked to cognitive deficits
and neurological disorders, offering insights into the neuropatho-
physiologicalmechanisms of brain diseases and the identification
of biomarkers associated with cognitive impairment (Petersen
and Sporns 2015; Rubinov and Sporns 2010). Currently, only a lim-
ited number of studies have explored brain network organization
in CHD, with a focus on mixed-type CHD or infants and adoles-
cents. Given that anatomical, physiological, and hemodynamic
stability profoundly influence brain development (Peyvandi et al.
2019), there is a compelling need to investigate brain devel-
opmental patterns in individuals with different types of CHD
to delineate their specific neuroimaging biomarkers. However,
knowledge regarding the brain structural network underlying
cognitive impairments in preschoolers with the subtype of CHD
(TOF) remains limited.

Advancements in graph analysis techniques have facilitated the
exploration of brain network topology, unveiling crucial insights
into network integration, segregation, and small-worldness (Fair
et al. 2007). These metrics serve as reliable biomarkers of
brain abnormalities and are related to various neurodevelopment
disorders (Shu et al. 2011; Owen et al. 2013), commonly utilized to
elucidate the neural mechanisms underlying deficits observed in
conditions such as ADHD, autism, and prematurity (Sidlauskaite
et al. 2015; Kaku et al. 2019; Sa de Almeida et al. 2021). Drawing
from prior research, we hypothesize that children with TOF
exhibit disruptions in their brain structural networks and that
these disruptions are correlated with poorer cognitive outcomes.
To test this hypothesis, we applied graph theory analysis to
measure brain structural network topology properties, including
global properties and regional properties, using DTI in TOFs

and controls. We further investigated whether structural network
topology is related to cognitive outcomes.

2 Methods

2.1 Participants

Thirty-five children diagnosed with TOF undergoing corrective
surgery and twenty-five non-CHD controls, matched for gender,
education, and age, were recruited from the Children’s Hospital
of Nanjing Medical University between June 2019 and October
2021. All of these children with TOF had one operation. The
inclusion and exclusion criteria were detailed in our prior study
(Yang et al. 2022). In brief, inclusion criteria for childrenwithTOF
were: (1) age ranging from 3–6 years; (2) absence of syndromic
conditions, metabolic disorders, or other congenital disease;
(3) no history of tumor, trauma, or central nervous system
diseases; (4) no prior mental illness or psychiatric medication;
(5) cardiopulmonary bypass surgery performed before age 3;
and (6) right-handedness. 25 non-CHD controls were recruited
from: (1) outpatients with transient fever (resolvedwithout health
issues at follow-up lasting more than 6 months); (2) children
undergoing routine physical examinations at the child health
care clinic; and (3) volunteers from the community. Inclusion
criteria for non-CHD controls were: (1) absence of congenital or
metabolic diseases; (2) no history of mental illness or psychiatric
medication; (3) no central nervous system diseases; (4) no prior
surgical history; and (5) right-handedness. Four TOF participants
were excluded for not meeting the inclusion criteria, and two
TOF and six controlswere excluded due to excessive headmotion.
Ultimately, twenty-nine childrenwith TOF andnineteen children
without CHD were included in the final analysis, all without
evidence of brain lesions such as infarction or hemorrhage
(Figure 1). Written informed consent was obtained from each
subject’s guardian for data use and review, and the protocol
received approval from the Institutional Ethics Committee of
Children’s Hospital of NanjingMedical University and consented
to participate.

2.2 Clinical Variables

The basic demographic and clinical data of children diag-
nosed with TOF was collected from electronic medical records.
This included information such as gender, age at MRI, age
at surgery, hospitalization day, operational duration, cardiopul-
monary bypass (CPB) time, and aortic cross clamp (ACC) time.

2.3 Cognitive Assessment

Cognitive performance was assessed by experienced neuroradiol-
ogists one week prior to MRI scans using the Chinese version of
theWechsler Preschool andPrimary Scale of Intelligence—fourth
edition (WPPSI-IV) (Jane et al. 2019). Four primary indices were
derived, including the verbal comprehension index (VCI), visual
spatial index (VSI), working memory index (WMI), and full-
scale intelligence quotient (FSIQ). Additionally, three auxiliary
indicators were assessed, comprising the speech reception index
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FIGURE 1 Schematic diagramof the study. Population enrollment and data collection (a)Construction and analysis of brain structure network (b)
The main results of the study (c)HC=Health control; MRI=Magnetic resonance imaging; TOF=Tetralogy of Fallot; WPPSI-IV=the Wechsler Preschool
and Primary Scale of Intelligence—fourth edition.

(SRI), non-speech reception index (N-SRI), and general ability
index (GAI), which were also evaluated.

2.4 MRI Data Acquisition

All participants underwent brain MRI scanning on a 3.0T MRI
system (Ingenia 3.0, Philips Health Care, Best, the Netherlands)
using a 16-channel head coil. MRI scanning was performed
at night during natural sleep or with chloral hydrate sedation
(1 mL/kg) with parental consent. Earplugs and foamwere used to
mitigate scanning noise and minimize head motion, respectively.
DTI images were obtained using the following parameters: TE
= 96 ms, TR = 4618 ms, FOV = 200 × 200 × 140 mm, slice
thickness 2 mm, 32 isotropic directions, b-value = 1000 s/mm2,
and acquisition time = 6 min 32 s. Three-dimensional T1-
weighted high-resolution structural images were obtained using
the following parameters: TE = 3.5 ms, TR = 7.9 ms, FOV = 200
× 200 × 200 mm, slice thickness 1 mm, and acquisition time
= 4 min 24 s. Fluid-attenuated inversion recovery images were
acquired to exclude brain lesions using the following parameters:
TE = 130 ms, TR = 8500 ms, FOV = 200 × 200 × 119 mm, slice
thickness 5 mm, and acquisition time = 2 min 8 s. Subsequently,
all images underwent review by two experienced pediatric neu-
roradiologists, blinded to the details of each participant’s medical
history. Consensus was reached through discussion when there
was a difference of opinion.

2.5 MRI Data Preprocessing

All DTI data were preprocessed using PANDA software (Cui et al.
2013.), and white matter structural networks were constructed
and analyzed with GRETNA (https://www.nitrc.org/projects/
gretna/). The specific steps were as follows: (1) 3D-T1WI and DTI
data were converted from DICOM to NIFTI. (2) Eddy correction
was performed to eliminate the effects of head motion and image
distortion. (3) The brain structure and tissue extraction. (4) DTI
data were co-registered to 3D-T1WI, and the co-registered images

were normalized to the Montreal Neurological Institute (MNI)
space. (5) FA was obtained in the white matter region based on
the JHU white matter tractography atlas.

2.6 Brain Structure Network Construction and
Analysis

We divided the brain into 90 regions based on the ALL template,
with each brain region serving as a node. Deterministic fiber
tracking involves the assignment of fibers to specific anatomical
bundles based on regions of interest (ROIs) delineated by con-
tinuous tracking (FACT) and obtaining structural connectivity
between two nodes. Fiber tracking was terminated under condi-
tions of FA< 0.2 in voxel or angle> 45◦ between two eigenvectors.
We considered the mean FA value as the edge and constructed an
FA-weighted 90 × 90 matrix for each participant. We considered
structural connectivity to exist only if the fiber numbers between
two nodes were > 2.

Global and nodal property analyses were executed using
GRETNA (http://www.nitrc.org/projects/gretna/). Global prop-
erties of the structural brain network were characterized by the
following parameters: Clustering coefficient (CP) is quantified
as the percentage of the number of existing connections and
the number of maximum possible connections among nodes’
nearest neighbors, which is used to measure network segregation
(Watts and Strogatz 1998). Network density (ND) is defined as
the average of the total number of connections and is used to
measure the overall tightness of the network (Danielle et al. 2017).
Characteristic path length (Lp) is defined as the average of the
shortest path length that links all nodes, which is used tomeasure
network integration (Rubinov and Sporns 2010). Normalized Cp
(γ = Cp real/Cp rand), normalized Lp (λ = Lp real/Lp rand),
and small-worldness (σ= γ/λ) were determined. Global efficiency
is defined as the inverse of average shortest path length, which
represents the capacity of information transmission over the
network, and local efficiency is defined as the average of local
efficiency of all individual nodes, which is the measure of fault
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tolerance of the network (Achard and Bullmore 2007). Compared
with regular networks and random networks, a small world
network needs to satisfy the following parameters: γ ≫ 1 and λ ≈

1, and σ > 1, featuring heightened local connectivity and shorter
path length (Uehara et al. 2014). The small-world network, σ, is a
fascinating model for the description of complex brain networks
that not only support both specialized and integrated information
processing but also facilitate an energy-efficient balance between
network segregation and integration (Panigrahy et al. 2015; Yuan,
Wade, and Babcock 2015).

Nodal properties were assessed through computation of nodal
betweenness, nodal degree, and nodal efficiency. Nodal between-
ness quantifies the proportion of the shortest path between two
nodes passing through the network and measures the influence
of a brain region on network communication. Nodal degree
represents the number of edges of a node that directly connect
with the remaining nodes in the network, which measures how
interactive a node is in the network. Nodal efficiency is the
inverse of the harmonic mean of the shortest path length in
the network and measures the importance of a node in network
communication (Achard and Bullmore 2007).

2.7 Statistical Analysis

The Shapiro-Wilk test was employed to assess the normality
of data distribution. Continuous variables are presented as the
mean ± standard deviation (m ± sd) or median and range.
Unpaired two-sample t test and chi-squared test (χ2 test) were
utilized to analyze the differences in demographic and clinical
characteristics between the TOF and non-CHD groups using
SPSS 25.0, with significance level set to p < 0.05.

In order to control the potential confounding effects of age
and gender, a covariate-adjusted unpaired two-sample t test
was performed using GRETNA software. Age and gender were
incorporated into the model as covariables to assess differences
in brain network topology parameters between TOF and non-
CHD. False-positive correction for node statistical comparison
was performed using 1/90 (numbers of node) = 0.0111 as a
significance threshold to the multiple comparison correction,
which means that nodes with p < 0.0111 are significant. This
correction method has been used in many studies (Lynall et al.
2010; Meng et al. 2014). Subsequently, employing age and gender
as covariates, general linear regression analysis was conducted to
investigate the relationship between topological parameters and
clinical data and cognitive performance in children with TOF.

3 Results

3.1 Demographic and Clinical Characteristics

The differences in demographic and clinical data in children with
TOF are shown in Table 1. There were no significant differences
in gender or age between TOF and controls. There were 15(55.5%),
13(48.1%), 14(51.8%), 15(55.5%), 12(44.4%), 14(51.8%), and 15(55.5%)
cognitive outcomes below average in children with TOF.

3.2 Whole and Nodal Topology Properties

Figure 2 and Table 2 illustrate the global properties of the
structural brain network in TOF and controls. Both children with
TOF and non-CHD exhibited small-worldness organization, and
there were no significant differences in small-worldness between
the two groups. Additionally, in comparison with controls, TOF
patients demonstrated decreased values in Cp (t= 2.56, p= 0.014),
Eglob (t = 3.13, p = 0.003), Eloc (t = 2.76, p = 0.009), and ND (t
= 3.72, p = 0.001), while Lp (t = -3.20, p = 0.002) exhibited an
increase.

Compared with the controls, the TOF groups exhibited decreased
nodal betweenness and degree in the left cingulate gyrus (t= 2.78,
p = 0.007, t = 2.99, p = 0.004) and decreased nodal efficiency
in the right precentral gyrus (t = 3.12, p = 0.003), left inferior
frontal gyrus (triangular part) (t = 3.35, p = 0.002), left insula
(t = 3.27, p = 0.002), and right cingulate gyrus (t = 3.27, p
= 0.002). Multiple comparison correction was performed using
false-positive correction. However, therewas no significant differ-
ence in nodal properties after FDR correction. Nodal parameters
of the structural brain network after false-positive correction are
shown in Table 3 and Figure 3.

3.3 Relationship between Clinical Data and
Topology Parameters and Cognitive Performance

The TOF group showed a significantly positive correlation
between Eloc and VSI (p = 0.04, B = 0.45) as well as GAI (p
= 0.04, B = 0.42), shown in Figure 4 and Supplement Table 2.
Additionally, a significantly negative correlation between N-SRI
and CPB time (p= 0.04, B=−0.41) was identified within the TOF
group, as illustrated in Supplement Table 1.

4 Discussion

In this study,we investigated brain structural network topology by
constructing a white matter network through DTI tractography
in TOF. We found revealed that (1) both TOF and non-CHD
groups exhibited small-world networks. However, children with
TOF showed increased Lp, decreased Cp, network density, Eglob,
and Eloc when compared with non-CHD. (2) Aberrant nodal
properties in the precentral gyrus, inferior frontal gyrus, insular,
and cingulate gyrus were observed in the TOF group; these
findings may imply a worse white matter network topological
organization in the TOF group, consistent with prior research
(Panigrahy et al. 2015; Schmithorst et al. 2018). Furthermore, local
efficiency correlated with cognitive performance in TOF, offering
novel insights into comprehending the mechanisms underlying
cognitive deficits associated with TOF based on brain structural
connectivity.

4.1 Whole Brain Topology Properties

Human brain information processing entails two fundamental
aspects: integration and segregation. Integration involves the
amalgamation of processed information from various brain
regions, which is subsequently relayed back to the central brain
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TABLE 1 Demographic data and cognitive performance in TOF and non-CHD.

Indicators TOF (n = 29) non-CHD (n = 19) t/x2 p

Gender (female/male) 14/15 6/13 1.31 0.25
Age at MRI (years) 4.06 ± 1.18 4.37 ± 0.69 −0.93 0.22
Age at surgery (months, n = 27) 12.4 ± 8.5
Hospitalization days (n = 27) 26 (17 ∼ 54) — —
Operational duration (minutes, n = 27) 185(135 ∼ 360) — —
CPB (minutes, n = 27) 75 (55 ∼ 110) — —
ACC (minutes, n = 27) 54 (19.2 ∼ 76) — —
Cognitive assessment
VCI(n = 27) 90.21 ± 15.60 — —
VSI(n = 27) 96.69 ± 11.54 — —
WMI(n = 27) 94.72 ± 12.15 — —
FSIQ(n = 27) 91.90 ± 11.89 — —
SRI(n = 27) 94.24 ± 16.33 — —
N-SRI(n = 27) 94.24 ± 11.45 — —
GAI(n = 27) 91.90 ± 11.64 — —

Abbreviations: ACC, aortic cross-clamp; CPB, cardiopulmonary bypass; FSIQ, full-scale intelligence quotient; GAI, general ability index; N-SRI, non-speech
reception index; SRI, speech reception index; VCI, verbal comprehension index; VSI, visual spatial index; WMI, working memory index.

FIGURE 2 Global properties of the structural brain network in TOF patients and controls. Therewere no significant differences in small-worldness
between the two groups (a-c). Cp, Eglob, Eloc and ND were decreased, while Lp was increased in TOF compared with controls (d-g). Cp, clustering
coefficient; Lp, characteristic path length; Eglob, global efficiency; Eloc, local efficiency; ND, network density; γ, normalized clustering coefficient; λ,
normalized characteristic path length; σ = γ/λ, small-worldness.
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FIGURE 3 Comparedwith controls, TOF groups exhibited decreased nodal betweenness and degree in the left cingulate gyrus (a-b) and decreased
nodal efficiency in the right precentral gyrus, left inferior frontal gyrus (triangular part), left insula and right cingulate gyrus (c).

FIGURE 4 TOF group showed a significantly positive correlation between Eloc and VSI as well as GAI (a, b) A significantly negative correlation
between N-SRI and CPB time was also found in TOF group (c) CPB, cardiopulmonary bypass; Eloc, local efficiency; GAI, general ability index; N-SRI,
non-speech reception index; VSI, visual spatial index.

TABLE 2 The difference in global properties of the structural brain
network of the structural network between children with TOF and non-
CHD.

TOF Non-CHD t p

Λ 1.87 ± 0.03 1.87 ± 0.02 0.23 0.82
γ 10.72 ± 1.07 10.95 ± 0.66 0.92 0.36
σ 5.72 ± 0.53 5.84 ± 0.34 0.96 0.34
Lp 6.72 ± 0.28 6.51 ± 0.16 −3.20 0.002
Cp 0.30 ± 0.03 0.32 ± 0.02 2.56 0.014
Eglob 0.15 ± 0.01 0.15 ± 0.00 3.13 0.003
Eloc 0.34 ± 0.04 0.37 ± 0.02 2.76 0.009
ND 0.68 ± 0.01 0.75 ± 0.00 3.72 0.001

Note: λ, normalized Lp (Lp real/Lp rand); γ, normalized Cp (Cp real/Cp rand);
σ, small-worldness (γ/λ); Cp, clustering coefficient; Lp, characteristic path
length; Eglob, global efficiency; Eloc, local efficiency; ND, network density.

center. Segregation, on the other hand, entails the division of tasks
into distinct components, allocated to corresponding functional
regions (Albert, Jeong, and Barabasi 2000). The human brain
can be considered a network characterized by high-efficiency
integration and segregation named the small-world network
(Rubinov and Sporns 2010; Bullmore and Sporns 2009). Small-
world networks have high Cp and low Lp, which is a measure
of the balance between integration and segregation (Fair et al.
2007). In this study, both children with TOF and non-CHD
displayed small-world network topology, consistent with prior
research (Panigrahy et al. 2015; Schmithorst et al. 2018), suggest-
ing that the brain still maintains the balance between integration
and segregation in TOF. However, there was no statistically
significant disparity in small-world topology between the two
groups, contrary to previous findings (Panigrahy et al. 2015).
We speculate that this discrepancy may stem from variations
in CHD subtypes and associated anatomical and physiological
alterations.
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TABLE 3 The difference in nodal parameters of the structural network between TOF and non-CHD.

Parameters Regions TOF Non-CHD t p

Nodal betweenness Left cingulate gyrus 171.29 ± 27.47 190.99 ± 21.05 2.78 0.007
Nodal degree Left cingulate gyrus 6.17 ± 0.85 6.74 ± 0.45 2.99 0.004
Nodal efficiency Right precentral

gyrus
0.19 ± 0.01 0.19 ± 0.00 3.12 0.003

Left inferior frontal
gyrus

0.18 ± 0.00 0.18 ± 0.00 3.35 0.002

Left insular 0.22 ± 0.01 0.23 ± 0.00 3.27 0.002
Right cingulate

gyrus
0.17 ± 0.01 0.17 ± 0.00 3.27 0.002

Abbreviations: CHD, congenital heart disease; TOF, tetralogy of fallot.

Lp serves as a metric for assessing information transmission
capacity, reflecting the long-distance connectivity characteristics
of the network (Watts and Strogatz 1998). The observed increase
Lp in this study implies a reduction in the network’s long-distance
connectivity and information transmission capacity, indicative
of diminished global network features. Consequently, the trans-
mission and integration of long-distance information among
different functional regions may be impaired in children with
TOF. A previous study based on DTI tractography proposed that
degeneration of white matter fibers for information transmission
may lead to increased Lp (Bai et al. 2012). We speculated that
abnormal Lp observed in children with TOF may indeed be
attributed to white matter fiber degeneration, warranting further
confirmation in future studies. Cp often represents functional
specialization or segregation, serving as an indicator of the local
information-processing capacity within a network. Decreased
Cp suggested that local information processing and network
segregation may be damaged in children with TOF. Consistent
with our findings, a previous study demonstrated that the inte-
gration and separation features of brain structural connections
were disrupted in neonates with CHD (Feldmann et al. 2020).
However, the aforementioned study focused onmixed-type CHD,
where anatomical, physiological, and hemodynamic stability can
influence brain development (Peyvandi et al. 2019). Our study
directly reflects changes in brain network organization in specific
CHD subtypes compared to their broader investigation.

Network density, defined as the average of the total number of
connections, serves as an index of network connectivity compact-
ness and is utilized to evaluate the comprehensive integration
across brain regions (Danielle et al. 2017). The reduced network
density observed in children with TOF in this study may suggest
a weakening of the connectivity of brain regions in children with
TOF. TOF is a complex congenital heart disease that may affect
brain development through multiple mechanisms. A previous
study found decreased network density and functional connec-
tivity during brain development in children under anesthesia
(Desowska, Berde, and Cornelissen 2023). We speculated that
chronic hypoxia, abnormal blood circulation, or stress responses
associated with surgery may adversely affect the formation and
maintenance of brain networks (Bonthrone et al. 2022).

Eglob represents the capacity of information transmission over
the network and can measure the rate of information transmis-

sion (Rubinov and Sporns 2010). It is closely associated with
long-range connectivity and the integration of brain networks,
facilitating the rapid amalgamation of information across dis-
tinct neural regions. In this study, decreased Eglob suggests a
diminished efficiency of information transmission within the
global network and impaired global information integration in
childrenwith TOF. In linewith our study, Schmithorst et al. noted
that Eglob reduced in networks based on different weighted and
unweighted approaches in neonateswithCHD (Schmithorst et al.
2018). Although Panigrahy et al. also reported decreased Eglob in
a TGA, it was only at a trend level without significant difference
between the two groups (Panigrahy et al. 2015). This disparitymay
be attributed to differences in CHD subtypes.

Eloc represents the capacity of information transmission at the
local level and measures the fault tolerance of the network
(Achard and Bullmore 2007). Decreased Eloc indicated reduced
efficiency of information transmission in local regions and that
communication is vulnerable to mistakes in children with TOF.
Previous studies have highlighted significant alterations in the
topological properties of the brain structural network in CHD,
potentially leading to cognitive impairments such as deficits in
memory, executive function, and visual spatial function (Pani-
grahy et al. 2015). In line with these findings, our study revealed
a positive correlation between Eloc and cognitive performance,
including verbal comprehension index (VSI) and general ability
index (GAI), suggesting that aberrant network efficiency is
associated with cognitive deficits. Furthermore, we observed
a negative correlation between cardiopulmonary bypass (CPB)
time and neurobehavioral outcomes, indicating that shorter CPB
durations during surgery may contribute to cognitive protection.

4.2 Regional Node Properties

Regional analysis can elucidate and characterize specific nodal
dysfunction in children with TOF. In this study, we observed
decreased nodal betweenness and degree in the left cingulate
gyrus, along with reduced nodal efficiency in the right precentral
gyrus, left inferior frontal gyrus (triangular part), left insula, and
right cingulate gyrus in TOF. Previous research has documented
delayed cortical development across multiple brain regions,
including the cingulate gyrus, inferior frontal region, superior
temporal gyrus, and postcentral gyrus, in fetuses with hypoplastic
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left heart syndrome (Clouchoux et al. 2013). Additionally, DTI
investigations have identified microstructural abnormalities in
various areas, such as the frontal regions, precentral gyrus,
insula, and hippocampus, with reduced fractional anisotropy
(FA) correlating with deficits in executive function and attention
(Rivkin et al. 2013; Rollins et al. 2014). The regions exhibiting
decreased nodal parameters in our study overlap with those
reported previously, suggesting that structural abnormalities in
these brain areas may underlie changes in nodal properties and
diminished efficiency in information transformation. A recent
investigation also reported decreased nodal efficiency in the
frontal, insular, limbic, and occipital lobes (Feldmann et al. 2020),
further aligningwith our findings. Overall, the similarity between
structural abnormalities in CHD and our findings in preschool
TOF implies that nodal properties could serve as predictive
indicators of brain structural alterations in CHD and that such
abnormalities may persist into the preschool period, reflecting a
continuum of delayed brain development.

4.3 Limitations

There are several limitations in this study. Firstly, our cross-
sectional study did not investigate the difference in the brain
structural network between preoperative and postoperative in
childrenwith TOF, andwehave not yet conducted genetic-related
testing for these children. Future research aims to recruit children
with TOF who have undergone genetic testing, both before and
after surgery, to further explore the impact of surgery on the brain
after excluding genetic factors. Secondly, a statistical comparison
of cognitive performance between non-CHD and TOF patients is
lacking due to some non-CHD failing to complete the WPPSI-
IV because of the long time needed. Future endeavors involve
continued recruitment of children with TOF while concurrently
collecting scale data from typically developing children without
congenital heart disease. Thirdly, normalization and construction
of the brain network were executed using an adult template due
to the absence of a standardized brain template for preschool
children. Fourthly, the structural network was constructed solely
based on FA, not including MD and tract numbers. Previous
studies have demonstrated that graph analyses based on FA
are more sensitive to microstructural changes than those based
on other parameters (Schmithorst et al. 2018). Lastly, since the
sample size of this study was small, FDR or Bonferroni correction
was too severe, and the results were not significant, we chose
false-positive correction. The same correction method was also
used in Lynall’s (Lynall et al. 2010) and Meng’s (Meng et al. 2014)
neuroimage study, which may not avoid Class I errors. Large-
scale studies in the future are warranted to validate our research
findings.

5 Conclusion

This study revealed disrupted brain structural network topology
in preschool children with TOF, characterized by impaired
integration and segregation, which correlates with cognitive
performance. These findings underscore the significance of early
neuroprotective interventions aimed at enhancing brain devel-
opment and cognitive function to mitigate lasting impairments
throughout the lifespan. Furthermore, the correlation observed

between brain network topology properties and cognitive perfor-
mance suggests that cognitive deficits in patients may partly stem
from disrupted brain structural connectivity in TOF.
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