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Abstract

Purpose This review highlights the importance of functional connectivity in pediatric neuroscience, focusing on its role in
understanding neurodevelopment and potential applications in clinical practice. It discusses various techniques for analyzing
brain connectivity and their implications for clinical interventions in neurodevelopmental disorders.

Methods The principles and applications of independent component analysis and seed-based connectivity analysis in pedi-
atric brain studies are outlined. Additionally, the use of graph analysis to enhance understanding of network organization
and topology is reviewed, providing a comprehensive overview of connectivity methods across developmental stages, from
fetuses to adolescents.

Results Findings from the reviewed studies reveal that functional connectivity research has uncovered significant insights
into the early formation of brain circuits in fetuses and neonates, particularly the prenatal origins of cognitive and sensory
systems. Longitudinal research across childhood and adolescence demonstrates dynamic changes in brain connectivity, iden-
tifying critical periods of development and maturation that are essential for understanding neurodevelopmental trajectories
and disorders.

Conclusion Functional connectivity methods are crucial for advancing pediatric neuroscience. Techniques such as indepen-
dent component analysis, seed-based connectivity analysis, and graph analysis offer valuable perspectives on brain develop-
ment, creating new opportunities for early diagnosis and targeted interventions in neurodevelopmental disorders, thereby
paving the way for personalized therapeutic strategies.
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Introduction

Long before the advent of modern neuroscience, Aristotle
(384-322 BC), the renowned Greek philosopher, recog-
nized the significance of relationships in shaping the nature
of things. He proposed that the world is not a collection of
isolated entities but rather a tapestry of interconnected ele-
ments, each imbued with meaning by its interactions with
others [1]. This relational perspective laid the foundation for
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understanding the brain architecture, where billions of neu-
rons form a complex network of connections that enable the
emergence of human consciousness and behavior.

In modern neuroscience, the concept of connectome, a
comprehensive map of neural connections within the brain,
has emerged as a powerful tool to explore the complex
relationships between different brain regions [2]. Func-
tional connectivity (FC), a key component of the connec-
tome, assesses the temporal correlations in neural activity
across brain areas, providing insights into how these regions
cooperate to perform specific cognitive functions. FC stud-
ies have revealed that the brain is not a rigid collection of
isolated modules but rather a dynamic and flexible network
that can adapt and reorganize to meet the demands of chang-
ing tasks and environments [3].

The study of FC holds particular importance in pediatrics
due to its unique relevance in understanding the develop-
ment and functioning of the pediatric brain [4]. The brain
undergoes a remarkable journey of development from its
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inception in fetal life to its full maturation in adolescence.
During this intricate process, FC plays a pivotal role in
shaping the neural circuitry and enabling the emergence of
cognitive functions [5, 6]. FC studies in pediatrics contrib-
ute significantly to our understanding of neurodevelopment,
aid in the early identification of developmental disorders,
and have practical implications for personalized medicine,
interventions, and educational practices [7]. This research is
essential for promoting optimal brain health and well-being
in children.

FC involves numerous technical details that can be
challenging for pediatric radiologists to comprehend [8].
This method delves into the synchronized activity of dif-
ferent brain regions, requiring a nuanced understanding of
complex neural interactions. Pediatric radiologists, who
primarily specialize in medical imaging, may find it chal-
lenging to grasp the details of FC analyses, which often
involve advanced neuroimaging techniques and statistical
methods. Interpretation of connectivity patterns demands
expertise in both radiology and neurosciences, and bridg-
ing this interdisciplinary gap can be particularly demand-
ing. This study aims to elucidate the fundamental principles
of FC, presenting them in a simplified manner to facilitate
their comprehension. The goal is to empower pediatric radi-
ologists with the knowledge needed to effectively interpret
and incorporate FC analyses into their practice, fostering a
more seamless integration of this valuable tool in pediatric
neuroimaging.

FCimaging

Among the various techniques available for assessing FC,
functional magnetic resonance imaging (fMRI) has emerged
as the most prevalent method, owing to its unique advan-
tages [9, 10]. Unlike electroencephalography (EEG) and
magnetoencephalography (MEG), which directly measure
electrical or magnetic brain signals, fMRI detects changes
in blood oxygenation—a reliable indirect proxy for neuro-
nal activity. The increased metabolic and oxygen demands
during neuronal activation are met by an increase in local
cerebral blood flow, a process known as neurovascular
coupling. More specifically, the hemodynamic response is
characterized by a small initial dip followed by a peak and
a post-activation undershoot. During the peak, oxygenated
hemoglobin in the activated area has a slightly lower mag-
netic susceptibility compared to deoxygenated hemoglobin
in the vicinity. This subtle difference in magnetic suscepti-
bility alters the local magnetic field, a change detected using
multi-volume, dynamic, T2*-weighted pulse sequences.
The ensuing signal, known as the BOLD (blood-oxygen-
level-dependent) signal, serves as a reliable indicator
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of neuronal activation [10]. Age-related changes in the
BOLD signal have been reported and are related to brain
maturation. Compared to adults, the BOLD hemodynamic
response to brain activation in infants is characterized by
smaller amplitude and delayed time to peak, with preterm
infants exhibiting an even more delayed response than full-
term infants [11-14]. Furthermore, the BOLD signal char-
acteristics change throughout childhood and adolescence as
the brain continues to develop [15]. These age-dependent
variations necessitate careful consideration when analyzing
and interpreting FC across different pediatric age groups.

Resting-state functional magnetic resonance imaging (rs-
fMRI) and task-based functional magnetic resonance imag-
ing (task-fMRI) are two distinct approaches in functional
MRI. Rs-fMRI, first described by Biswal et al. in 1995
[16], examines spontaneous, intrinsic brain activity during
rest, capturing baseline FC between different brain regions.
Large-scale resting-state networks (RSNs) have been iden-
tified in adult and pediatric populations that correspond
to activation patterns commonly derived from task-based
fMRI [17-21]. RSNs are dominated by low-frequency
BOLD fluctuations, have age related distinct spatial pat-
terns and time courses and are present even during sleep and
anesthesia [18—22]. The brain remains active even when a
person is not actively involved in specific mental or physical
activities, and this intrinsic activity is characterized by com-
plex patterns of communication between different regions.
In contrast, task-fMRI involves performing specific cogni-
tive or motor tasks during the fMRI scan, with the result-
ing BOLD signal indicating regions activated by the tasks.
While rs-fMRI reveals patterns of correlated activity at
rest, task-fMRI provides insights into the brain’s response
to external stimuli or goal-directed activities. The BOLD
signal in rs-fMRI reflects baseline connectivity, while in
task-fMRI, it signifies changes in blood flow and oxygen-
ation associated with the performance of specific cognitive
or motor tasks. These complementary approaches contrib-
ute to a comprehensive understanding of both intrinsic and
task-related aspects of FC.

Methods evaluating local function of specific brain areas
are Amplitude of Low-Frequency Fluctuations (ALFF),
Fractional Amplitude of Low-Frequency Fluctuations
(fALFF) and regional homogeneity (ReHo). The ALFF
is a metric utilized in rs-fMRI to quantify the intensity or
amplitude of spontaneous low-frequency fluctuations in
the BOLD signal [21]. It focuses on the magnitude of neu-
ral activity at rest within specific brain regions, typically
in the low-frequency range of 0.01 to 0.1 Hz. In contrast,
the fALFF is a variant that normalizes ALFF by dividing
it by the total power across the entire frequency range,
providing a more specific measure of the relative strength
of low-frequency oscillations while mitigating the impact
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of non-neuronal physiological noise [19]. While neither
directly mapping functional connections, both ALFF and
fALFF serve as valuable tools in neuroimaging research,
offering insights into regional neural activity and aiding in
the identification of genuine neuronal fluctuations within
the complex fMRI signal during resting-state [23]. ReHo
uses the Kendall’s coefficient of concordance to evaluate the
synchronization between the time series of a given voxel
and its nearest neighbours [24].

Rs-fMRI is increasingly employed in pediatric studies
because unlike task-based fMRI, allows for a comprehen-
sive examination of the whole brain’s FC without imposing
explicit cognitive demands, which is crucial, especially for
younger children facing challenges in engaging with com-
plex tasks [20, 25-36]. Resting-state activity can be studied
in neonates using the “wrap and feed” method but beyond
that period up to the age of 6 years and even later in chil-
dren with developmental delay, involuntary movements
or claustrophobia, drug induced sedation or even anesthe-
sia are necessary. Pharmacologically induced modulations
to the resting-state activity of the brain would be a chal-
lenge in rs-fMRI studies. Popular choices for sedation in the
pediatric population include pentobarbital for deeper, more
controlled sedation, particularly in very young or highly
anxious children, and chloral hydrate for lighter sedation,
ease of administration, and a potentially better safety profile
in infants [37]. The effect of sedation with chloral hydrate
appears to be age-related. Studies in neonates and young
infants have demonstrated that sedation with chloral hydrate
does not affect the identification or topology of RSNs, nor
the amplitude of neural responses [12, 27, 38]. However,
in school-age children, it induces a redistribution of the
brain’s information processing and a decrease in both global
and local efficiency in transferring information [39]. There
are few comparative studies on the effect of sedative drugs
on brain BOLD signal, but further research is necessary
to determine the best option for rs-fMRI in children [37,
40-42].

FC modeling

The field of FC analysis encompasses a diverse range of
approaches that offer complementary perspectives, enabling
researchers to delve into the obscure aspects of neural com-
munication and organization [20, 43, 44]. The choice of spe-
cific model often depends on the precise research question,
the nature of the available data, and the underlying assump-
tions of the employed method. Some FC models posit a
causal link between brain regions (a.k.a. effective connectiv-
ity), suggesting a directional flow of information from one
region to another [45-47] while others focus on a simpler

correlational relationship [16, 48, 49]. In most cases, there is
no pre-existing model of the FC pattern, and the analysis is
conducted in an unsupervised, data-driven manner [16, 48,
49]. However, some model-driven approaches involve test-
ing one or more specific FC models to assess their ability to
explain the acquired data [46, 47]. Further, FC analysis can
be performed at the voxel level, examining the connectivity
between individual small brain regions [49], or at the level
of regions of interest (ROIs), focusing on the functional
relationships between larger, defined brain regions [50].
Finally, some FC models concentrate on the regional con-
nectivity within an ROI [24], while others aim to elucidate
the global properties of the brain connectome, the compre-
hensive map of neural connections across the entire brain
[50]. There are several popular FC analysis methodologies
used in FC studies in pediatrics, each with its own advan-
tages and limitations:

Independent component analysis (ICA)

ICA is a widely utilized methodology in pediatric rs-fMRI
analysis. It stands out as a data-driven approach, meaning it
doesn’t rely on predefined models or assumptions about the
brain’s functional networks. Instead, ICA analyzes raw rs-
fMRI data, aiming to identify patterns of activity that natu-
rally emerge. The primary goal of ICA is to find spatially
independent networks within the brain [49, 51] (Fig. 1).
Spatial independence implies that the identified networks
are not influenced by each other; they represent distinct pat-
terns of activity. In simpler terms, it’s akin to isolating the
sound of individual instruments in a symphony that play
independently.

ICA focuses on detecting regions of the brain that exhibit
synchronized activity. This synchronization indicates that
certain brain areas are activated together, suggesting a
functional connection between them. What makes ICA par-
ticularly powerful is its ability to explore various levels of
brain organization, from broad functional systems to more
focused, task-specific networks. A prominent example is the
default mode network (DMN), which is active during peri-
ods of rest or mind wandering [52]. This network is involved
in self-referential processing, autobiographical memory,
and internal thought processes. The salience network (SN)
acts as a filter, detecting and responding to salient stimuli
in the environment. It is involved in attention, arousal, and
emotion regulation [53]. The executive control network is
engaged in goal-directed cognitive tasks that require plan-
ning, decision-making, and working memory [54]. It is
located in the prefrontal cortex, parietal cortex, and cingu-
late cortex. Other important networks include the auditory
network, medial visual network, lateral visual network,
sensorimotor cortex, dorsal visual stream (frontoparietal
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Fig. 1 Resting-state networks were derived using ICA
analysis applied to resting-state fMRI images from

two distinct groups: a cohort of adults and a cohort of
premature infants. Adult ICA networks, integrated within
the CONN toolbox, were derived by applying ICA to a
dataset comprising 497 subjects from the Human Con-
nectome Project database. Conversely, the resting-state
networks of premature infants were obtained by applying
ICA to resting-state fMRI data collected from 8 prema-
ture infants around term equivalent age
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Fig. 2 An illustration of seed-based correlation analysis employed to
identify regions within the neonatal brain functionally connected with
the left precentral gyrus. The neonatal brain was normalized and seg-
mented based on the University of North Carolina (UNC) neonatal
atlas (left). The correlation between the signal of each voxel in the
brain and the average signal from the left precentral gyrus (seed area)
is visualized as a color map in red, superimposed on the UNC neonatal
brain template
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attention network), basal ganglia, limbic network, and pre-
cuneus network [20, 55].

In essence, ICA serves as a detective tool for neuroscien-
tists. It sifts through the complex data generated by rs-fMRI
scans, identifies unique patterns of synchronized brain activ-
ity, and reveals spatially independent networks. Its ability to
work without preconceived notions is particularly valuable
in understanding the pediatric brain development, shedding
light on both large and small-scale functional networks.

Seed-based correlation analysis

Another popular methodology in pediatric rs-fMRI analy-
sis is seed-based correlation analysis [8, 16, 20, 56]. This
approach involves selecting a region of interest (ROI)
within the brain and computing the correlation between the
time series of this ROI and every other voxel in the brain
(Fig. 2). Seed-based correlation analysis allows researchers
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to investigate FC between specific regions of interest and
the rest of the brain. It has the advantage of being relatively
straightforward to implement and interpret, making it a
popular choice in both pediatric and adult rs-fMRI studies.

Several metrics can be used to assess associations
between time-series of brain areas, including cross-correla-
tion coefficient, partial correlation and multiple regressions.
Cross-correlation coefficient measures the linear relation-
ship between two time-series and is simple to interpret but
sensitive to noise. Partial correlation controls for the effects
of other brain regions on the relationship between two time-
series, making it more robust to noise but potentially less
sensitive to true FC. Multiple regressions can control for the
effects of multiple brain regions on the relationship between
a target region and another region, enabling the capture of
more complex relationships but at the cost of increased
complexity.

Graph analysis

Graph theory-based analysis is a valuable method employed
in pediatric rs-fMRI analysis, helping researchers unravel
how the brain functions [57] (Fig. 3). Imagine the brain as
a vast network of interconnected nodes (representing spe-
cific brain regions) and edges (symbolizing the connections
between these regions). This approach allows scientists to
explore the brain’s architecture in a unique way, focusing on
understanding its organizational principles. Through graph
theory, researchers measure various network properties such
as degree (the number of connections a node has), clustering
coefficient (indicating how tightly connected neighbors of a
node are), path length (the number of connections needed
to travel from one node to another), betweenness centrality,
(the importance of a node in terms of its ability to connect
other nodes), and modularity (a measure of the organiza-
tion of a network into modules or communities) [58, 59].
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Fig.3 A standard pipeline for graph-based resting-state functional con-
nectivity analysis is depicted. The processing steps encompass data
acquisition, preprocessing, defining graph nodes typically through
regions delineated in a brain atlas, extracting time-series data, defining

These metrics provide valuable insights into the efficiency
and structure of the brain’s networks.

Graph analysis has showed that brain’s network structure
demonstrates characteristics of a small-world network [60].
This configuration is characterized by high clustering, indi-
cating the presence of densely interconnected local regions,
and short average path lengths, reflecting efficient global
communication between distant brain areas. In the context
of neuroimaging data analysis, this organizational pattern
suggests a balance between specialized processing within
local neighborhoods and the ability for quick and efficient
information transmission across the entire brain network.
The small-world topology of the brain is considered advan-
tageous for cognitive functions, allowing for both segre-
gated processing and integrated communication between
different regions.

By applying graph theory to pediatric rs-fMRI data,
scientists gain a deeper understanding of the develop-
ing brain’s organization and connectivity. This analytical
approach enables them to identify key features that charac-
terize normal brain development and detect abnormalities
or disruptions in these patterns. For example, changes in the
clustering coefficient may indicate alterations in local pro-
cessing, while variations in path length could suggest dif-
ferences in the efficiency of information transfer between
brain regions. Such insights contribute to our knowledge
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edges via correlation analysis to produce a connectivity matrix, thresh-
olding to generate an adjacency matrix, and finally, conducting graph
analysis to compute various graph metrics

of pediatric brain function and provide a foundation for
investigating neurological disorders that may manifest in
childhood.

In essence, graph theory-based analysis serves as a pow-
erful tool that translates complex brain activity into com-
prehensible patterns. It offers a unique lens through which
researchers can explore the structural and functional aspects
of the pediatric brain, shedding light on both the normal
developmental processes and potential irregularities that
may underlie neurological conditions.

It is worth noting that each of these methodologies has
its own strengths and weaknesses. ICA can be sensitive to
noise and artifacts, which can lead to inaccurate network
identification. Other concerns include the potential frag-
mentation of a single network into subnetworks, contingent
on the specified number of independent components, and
the necessity of manual or computer-driven identification
of specific networks when utilizing ICA. Seed-based cor-
relation analysis relies on a priori selection of regions of
interest, which may introduce bias into the analysis. Graph
theory-based analysis requires careful consideration of
network construction parameters, which can influence the
results. Researchers must therefore carefully choose the
appropriate methodology based on their research question,
sample size, and data quality [8, 20, 44].
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Special considerations in pediatric FC
analysis

When analyzing rs-fMRI in pediatric populations,
researchers face unique challenges that require specialized
approaches. Preprocessing pipelines for pediatric data often
require customization. For instance, smoothing kernel sizes
should be adjusted to smaller values (e.g., 46 mm FWHM
instead of the adult standard of 6-8 mm) to account for
smaller brain structures. Denoising strategies may be more
aggressive, potentially incorporating both ICA-based noise
removal and nuisance regression approaches [61].

Motion artifacts, a primary concern due to children’s
tendency to move more during scans, necessitate robust
correction techniques [62]. Real-time motion correction
capabilities that adjust for movement during the scan itself,
if available, should be applied [63]. Advanced motion cor-
rection tools are essential for improving the quality of pedi-
atric rs-fMRI data due to prevalent movement. Advanced
software solutions include HALFpipe (Harmonized Analy-
sis of Functional MRI pipeline) [64] and HCP pipelines for
comprehensive preprocessing [65]. ICA-based approaches
like ICA-AROMA [65] and ICA-FIX [66] help identify
and remove motion artifacts. Combined techniques, such as
motion scrubbing using stringent frame-wise displacement
thresholds (sometimes as low as 0.2-0.3 mm) with tem-
poral interpolation, are highly recommended. Physiologi-
cal differences in children, such as higher respiratory and
heart rates, can affect data quality. Advanced physiological
noise correction techniques such as CompCor [66] or RET-
ROICOR [67] should be customized for children to further
enhance data integrity and ensure higher quality and reli-
ability in FC studies.

Developmental factors play a crucial role in pediatric FC
analysis. The brain’s ongoing development leads to greater
variability in structure and function. The pediatric brain dif-
fers from the adult brain not only in size but also in tissue
contrast and cortical folding patterns. These anatomical dif-
ferences pose challenges for image processing and analysis,
particularly in template selection and spatial normalization.
The reduced availability of age-appropriate anatomical
and functional templates for pediatric populations further
complicates these issues. Large open-source neuroimaging
datasets exist such as the NIH MRI study of normal brain
development [68], the Baby Connectome Project [69] and
the Developing Human Connectome Project [70]. Addition-
ally, the National Institutes of Health (NIH) has announced
the HEALthy Brain and Child Development Study (HBCD).
However, there is still no universally accepted common
brain template to define a common space for normaliza-
tion similar to MNI in adults [71]. Popular choices are the
UNC infant templates 0—1-2 [72], the JHU neonate atlases
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[73], and some age-specific atlases [74—78], including fetal
atlases [79]. For custom template creation, Advanced Nor-
malization Tools (ANTSs) offers powerful options, allowing
researchers to generate study-specific templates that accu-
rately represent their sample’s characteristics [80].

FC applications

Resting-state functional magnetic resonance imaging stud-
ies have been conducted in pediatrics, including fetuses,
infants, and children. These studies have explored various
aspects of functional brain connectivity, such as tracking
changes in FC patterns that occur during brain development,
identifying subtle differences in FC patterns in children with
neurological disorders, and assessing the effects of interven-
tions on FC patterns in children.

The initial fetal resting-state study by Schopf et al. dem-
onstrated a bilateral occipital network, robust connections
between the medial and lateral prefrontal regions, and the
presence of a lateralized (either right or left) network in the
superior temporal cortical regions [81]. Subsequent inves-
tigations highlighted the developmental trajectory of the
fetal functional connectome, a network of communicating
brain regions during rest, which forms the basis for cog-
nitive and behavioral abilities. Examination of the fetal
functional connectome using rs-fMRI identified networks
resembling those observed in adults, including the default
mode network, the sensorimotor network, and the visual
network [82]. Further studies characterized the maturation
of the fetal functional connectome, revealing features such
as small-worldness, modularity, and hubs [83, 84], along
with gradient organization of connectivity within RSNs
[31]. Associations were reported between fetal FC and fac-
tors such as gestational age [85] sex [86], prenatal exposure
to lead [87], and preterm birth [88]. Furthermore alterations
in FC of the developing brain have been reported in rela-
tion with maternal mental illness with hyperconnectivity in
areas related with emotional regulation or connectivity dis-
ruptions related with vulnerability to develop schizophrenia
[89]. These collective findings indicate the sensitivity of the
fetal functional connectome to environmental influences
and its potential to reflect individual differences in brain
development and function.

Initial observations of immature forms of RSNs have
been reported in very preterm infants born at or even before
30 weeks gestation, who were scanned at their term equiva-
lent postmenstrual age [29]. These findings have been sup-
ported by more recent studies that consistently reported
adult-like RSNs in neonates [27, 90-96]. These early net-
works, although immature, show developmental changes
over time, forming stronger interhemispheric connections
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between localized homotopic brain regions with increasing
age. Rates of development vary across networks, with pri-
mary networks, such as sensorimotor, auditory, and visual
networks, exhibiting an adult-like configuration before
higher-order association networks like the language, the
social interaction, the memory, and the executive control
networks [89]. The emergence of RSNs in preterm infants
represents a potential milestone in their brain development
that not only mirrors their cognitive functions but also holds
promise for their evaluation [26, 97-101]. Additionally, the
application of resting-state functional connectivity (rs-FC)
has yielded novel insights into the neurobiological basis of
developmental abnormalities. Recent literature has impli-
cated network-specific disruptions in RSNs architecture due
to prematurity, correlating with neurological disturbances in
preterm infants, such as autism spectrum disorders, attention
deficit hyperactivity disorder, and Tourette syndrome [32,
97, 102—104]. In very preterm infants, the FC of the medial
orbitofrontal cortex with the rest of the brain depends on
body growth and the degree of prematurity [34]. Very pre-
mature and moderate-late preterm infants with low-grade
intraventricular hemorrhage at around term-equivalent age
may present functional impairment consistent with abnor-
mal neurodevelopmental outcomes [23, 36]. Research on
brain FC in preterm infants with hypoxic-ischemic encepha-
lopathy (HIE) reveals significant abnormalities compared to
healthy controls characterized by disrupted neural networks
and atypical connectivity patterns, particularly in regions
critical for cognitive and motor development [ 105]. Very pre-
term infants with diffuse white matter abnormalities exhibit
reduced FC in the executive control and the frontoparietal
networks [106]. Severe HIE cases exhibited decreased local
efficiency and clustering coefficient in whole-brain networks
compared to mild cases [107]. However, no significant dif-
ferences were found in rs-FC between cooled HIE children
without cerebral palsy and healthy controls at early school
age, despite underlying structural differences [108]. Apart
from morbidities related to prematurity, babies hospitalized
in the intensive care unit undergo multiple invasive and
painful procedures. Early pain exposure in preterm neonates
has been associated with altered brain development and
long-term neurodevelopmental consequences. Studies have
shown that invasive procedures during neonatal intensive
care can lead to decreased FC between key brain regions
involved in pain processing, such as the thalamus, somato-
sensory cortex, and insular cortex [109]. These alterations
are more pronounced in infants undergoing more invasive
procedures and can affect neurodevelopmental outcomes at
24 months [109, 110]. Increased procedural pain exposure
in neonatal intensive care unit have been associated with
significant changes in brain structure and connectivity that
include regions relevant for pain processing [111, 112].

Additionally, cumulative pain exposure has been linked to
slower growth of brain structures, particularly in females
[110]. Long-term effects include changes in somatosensory
function, brain structure, and pain response later in life
[113].

Research on functional brain connectivity in full-term
neonates has revealed the developmental trajectories of
RSNs. Although still immature at full-term birth, neonatal
brain presents prominent rich club, small-world and modu-
larity structure indicative of a high efficient and organized
topology [25, 28, 114, 115]. Global and local efficiency
keep increasing the first year of life due to the development
of long-distance connections, while remaining stable during
the second year [115]. In general, the early development of
the human brain, from mid-gestation to the first two years
of life, involves a shift in the growth processes of the func-
tional network [116]. Before birth, the functional network
is fragmented and separated, with short-range connections.
After birth, it transitions to a more integrated state, empha-
sizing connections between local clusters and long-range
edges. This post-birth phase enhances both global and local
information transfer, responding to environmental stimuli
and fostering refined responses and higher-order cognitive
abilities. This aligns with the “local to distributed” devel-
opmental pattern, supporting the hypothesis of interactive
specialization in the human brain [4, 5, 117]. Resting-state
fMRI studies have been performed to evaluate perina-
tal morbidities such as hypoxic-ischemic encephalopathy
(HIE), which, despite advances in neonatal care, remains
one of the most common causes of neonatal mortality and
morbidity. Depending on the severity, it can be associated
with motor, cognitive, language, learning, and memory
abnormalities. In relation with these clinical abnormalities,
rs-fMRI studies have demonstrated that infants with severe
HIE, compared with those with mild HIE, display abnormal
local and global topological properties of the RSNs [105,
107]. Furthermore the degree of abnormality in RSNs was
associated with acute exam findings and outcomes in neo-
natal acute brain injury, with total lack of network detection
observed only in non-survivors [118].

Research indicates that the FC of a child’s brain becomes
more similar to that of an adult as they age, with significant
changes occurring during adolescence [5, 119]. This shift
is characterized by a trend towards increased correlation
strength between distant brain regions, reflecting a transi-
tion from a local to a more distributed architecture [5]. This
findings suggests that there is a trend towards increased
correlation strength between distant brain regions during
this developmental phase [6]. This shift in FC reflects the
maturation process, where higher-order cognitive functions
are fine-tuned and specialized. The primitive architecture
observed in certain brain networks in younger children
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gradually evolves into a more integrated and mature con-
figuration during adolescence, contributing to the overall
development of cognitive abilities [6].

Various brain diseases affecting children and adolescents,
such as Autism Spectrum Disorder [30], Attention Deficit
Hyperactivity Disorder [120], and Major Depressive Dis-
order [121], have been associated with abnormal rs-FC.
However, this is not an exhaustive list, as epilepsy [122],
bipolar disorder, anxiety disorders [33] and obsessive-com-
pulsive disorder [123], among others, can also impact this
population. Each of these conditions may exhibit distinct
patterns of rs-FC alterations, emphasizing the need for fur-
ther research to explore the potential of FC as a diagnostic
and therapeutic tool for a diverse range of brain diseases in
children and adolescents.

A representative example of the work that remains before
FC becomes a clinical tool is in the field of pediatric epi-
lepsy. Decreased connectivity in the default mode network
(DMN) and the prefrontal-limbic system has been reported
in children with epilepsy intractable to medical treatment
[107, 124]. A systematic review on FC in children with
focal epilepsy demonstrated abnormal interhemispheric
connections and decreased connectivity within and between
canonical functional networks, particularly the DMN [125].
However, findings across studies are inconsistent, with both
increased and decreased FC observed in multiple brain
regions [125]. Resting-state fMRI has also been used in the
detection of epileptogenic areas. Increased ALFF and ReHo
has been detected in the hippocampus and adjacent struc-
tures in mesial temporal lobe epilepsy, whereas increased
ReHo in the thalamus has been reported in patients with
generalized tonic-clonic seizures [126]. However, using FC
mapping to predict surgical outcomes and identify epilepto-
genic tissue remains challenging [127]. Despite its promise,
the wide variety of FC study methodologies currently limits
clinical application, highlighting the need for longitudinal
studies to understand network evolution during disease pro-
gression [125].

Conclusion

The exploration of brain FC in pediatrics through rs-fMRI
has provided invaluable insights into the network dynam-
ics of the developing brain. It has allowed researchers to
unravel the complexity of neural interactions, shedding light
on the maturation and organization of functional circuits in
pediatric populations. FC methods have proven significant
in understanding neurodevelopmental trajectories, identi-
fying potential biomarkers for the early detection of neu-
rological disorders, and informing targeted interventions.
The integration of multi-modal imaging techniques and
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collaborative efforts across disciplines holds great poten-
tial for unlocking further secrets of pediatric brain function.
Thus, despite the technical challenges, brain FC is a valuable
tool that pediatric radiologists should embrace in their work.
As the technology continues to develop and the challenges
are addressed, this tool is likely to become increasingly
important in the diagnosis, treatment, and understanding of
neurological conditions in children.
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