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ARTICLE INFO ABSTRACT

Over the first 100 days post-partum human brain functions may undergo rapid changes, with plasticity peaking.
Studies of task-free functional connectivity (FC) during this period provide a window into early brain organi-
zation. Despite growing interest, no systematic review has synthesized findings specifically from this period. We
address this gap by reviewing 103 studies examining FC in the neonate brain at rest. Summarised evidence
indicates a remarkable degree of both specificity and individual variability in brain function. Neonatal networks
exhibit small-world topology with strong local clustering and emerging long-range integration. Sensorimotor,
visual, and auditory networks form robust interconnected hubs, supported by structure-function coupling via
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Task-free local myelination and subcortical scaffolding. Early development involves strengthening interhemispheric and
Brain development long-range connections and increasing network modularity. Higher-order networks (default mode, frontopar-
Infancy ietal, salience) are identifiable but less segregated, reflecting their reliance on pathways that are still developing

Functional networks structurally and functionally. Despite these group-level patterns, substantial interindividual variability exists,

shaped by both infant- and context-related influences. We discuss these findings within frameworks of Interactive
Specialization and experience-dependent learning. We propose that early FC provides intrinsic pre-training for
learning and that structure and function co-develop through reciprocal interactions shaped by coordinated ac-
tivity across subcortical and cortical networks, and early experiences. Adopting a perspective in which intrinsic
FC, structural changes, and environmental influences are deeply intertwined, we highlight the need for multi-
modal longitudinal studies to clarify how such coupled processes shape later developmental trajectories.

1. Introduction

During the first year of life, the infant brain undergoes rapid and
foundational changes in how its areas communicate, potentially scaf-
folding future social and cognitive skills (Cao et al., 2016; Franca et al.,
2024; Hoff et al., 2013; Lemaitre et al., 2020; Yin et al., 2025). Even
before behavioral milestones become apparent, the brain’s organization
is already shaping future developmental trajectories. At the core of this
process lies resting functional connectivity (FC), the coordination of
spontaneous neural activity between anatomically distinct but func-
tionally related brain regions. FC reveals the brain’s intrinsic organiza-
tion through coherent patterns of activity at rest, offering a window into
how large-scale neural networks are forming and interacting during
development (see Table 1 for key terminology). These early-emerging
connectivity patterns not only chart the infant brain’s emerging

architecture but also predict later outcomes across language and
cognitive domains (Alcauter et al., 2015; Bruchhage et al., 2020; Bul-
garelli et al., 2024; van den Heuvel and Hulshoff Pol, 2010; Yu et al.,
2022) as well as vulnerability to neurodevelopmental disorders
(Ciarrusta et al., 2020; Dickinson et al., 2021; Eyre et al., 2021; Guo
et al., 2020; Holz et al., 2023; Liu et al., 2020).

Understanding neonatal FC requires situating it within the broader
evolution of neural theory. Classical frameworks, from Cajal’s neuron
doctrine to Hubel and Wiesel’s studies of single-neuron electrophysi-
ology (Glickstein, 2006; Hubel and Wiesel, 1962), focused on individual
neurons as the fundamental unit of structure and function. However,
single-neuron perspectives cannot fully explain emergent, large-scale
brain functions. Over time, concepts such as Lorente de N&’s recurrent
connectivity (Lorente de No, 1934) and Hebb’s cell assembly theory
(Hebb, 2005) emphasized interactions across neural ensembles, forming
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Table 1

Summary of key functional connectivity and network neuroscience terminology.
This table defines central concepts and distinctions relevant to infant FC and
brain network organization, including topographical and topological features,
graph-theoretical measures, and commonly used metrics of segregation, inte-
gration, and hub architecture. These terms are used throughout the review to
support consistency and interpretability across studies. Key references for this
table are (Bassett and Bullmore, 2006; Bullmore and Sporns, 2009; Graham and
Fair, 2015; Han et al., 2025; Heuvel and Sporns, 2011; Liao et al., 2017; Rubinov
and Sporns, 2010; Sporns, 2011, 2012; van den Heuvel and Sporns, 2013; Vértes
and Bullmore, 2015).

Term Definition

Topography
vs Topology

Topography reflects the spatial layout of network nodes in
the brain, that is the “where” of brain networks. It is closely
linked to underlying anatomy. Topology instead is the
pattern of connections between network nodes,
independent of their spatial locations. It captures the
abstract structure of the network via graph-theory measures
(e.g., degree, betweenness).

Segregation is a feature of network architecture in which
specialised processing occurs within distinct regions or
modules. It reflects how neural activity can be locally
differentiated to perform specific functions. Integration is
the capacity of the brain to combine information across
distributed regions, resulting in coherent neural activity
patterns underlying complex cognition and behavior.
Increased local (short) connectivity is indicative of
increased segregation, whilst increased global (long)
connectivity is indicative of increased integration.
Organizational property of complex networks in which
most nodes are part of densely connected local clusters, yet
any two nodes in the network can be reached through a
small number of steps (increased efficacy). This supports
both functional segregation and integration, enabling the
brain to combine specialized local processing with global
communication while minimizing wiring and energy costs.
From a topographical perspective: distances between nodes,
often computed via Euclidean distances. Short-range links
support local processing, long-range links enable

Segregation
vs Integration

Small-world
topology

Short- and long-
distances

integration across distant regions. In neonates, a recent

study by Q. Wang et al. (2021) classified short- as 0-30 mm,

middle-range as 30-60 mm and long-range as > 60 mm.

From a topological perspective there is the concept path

length that is of the average number of separate connections

needed to link two nodes, whereby shortest path length
means the minimum number between nodes.

A group of nodes that are more densely connected to each

other than to nodes outside the group, consistent with

segregation. Indeed, modules (also called communities or
subnetworks) can reflect functional or structural
specialisation within the brain.

Hubs Nodes that are central to the network based on one or more
graph metrics (e.g., high degree, strength, betweenness,
eigenvector centrality); broadly, they act as key relay points
for information flow. Hubs can be part of a rich-club
organization that is the tendency for high-degree hubs to
be more densely interconnected with each other than
expected by chance, forming a central “core” backbone.
High-degree hubs: Brain regions with a high number of
connections (degree); often central for communication and
vulnerability in network dynamics.

Connector hubs: Nodes with high participation coefficient
- i.e., many links distributed across multiple modules —
acting as cross-module routers.

Provincial/peripheral hubs: Nodes within a module that
are highly interconnected but have little or no connectivity
outside the module, supporting specialised processing
locally.

Module

dynamic networks capable of plasticity. Oscillatory activity, revealed
through electroencephalography, demonstrated that intrinsic, sponta-
neous patterns shape connectivity even without external stimulation.
Modern network perspectives abstract neurons or assemblies into nodes
connected by weighted, dynamic links, capable of feedforward, recur-
rent, and stochastic interactions (Maass et al., 2002). This combinatorial
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flexibility allows modular assemblies to dynamically reorganize, pro-
ducing emergent properties, including temporal encoding and
context-dependent computation. By framing neonatal FC within these
network principles, we can better understand how early spontaneous
and task-independent activity contributes to the establishment of func-
tional architectures that will later support cognition, social behavior,
and learning.

It has been suggested that functional network development during
infancy follows a “local-to-distributed” trajectory: connections begin as
localized, anatomically grounded clusters and gradually evolve into
modular, distributed, and functionally specialized networks over the
first year of life (Edde et al., 2021; Fair et al., 2009). For example, Wen
et al. (2019) showed that the number of distinct modules increases from
four at birth to eight by 12 months of age. Alongside this, core regions
(hubs) that support efficient communication across the brain undergo a
dynamic shift: initially located in sensorimotor, visual, and superior
frontal regions, these hubs progressively extend into the temporal cortex
by six months, the frontal cortex by nine months, and the parietal as-
sociation areas by twelve months (Wen et al., 2019).

Although FC changes unfold across infancy and beyond, the first 100
days represent one of the most dynamic periods of human brain devel-
opment. In fact, some of the most dramatic transformations occur within
the first three months of life (Gao et al., 2015; Nielsen et al., 2023). This
phase is characterized by marked plasticity, rapid maturation, and
heightened sensitivity to environmental input. The transition from in-
trauterine to extrauterine life catalyses large-scale network reorganiza-
tion, making this window uniquely positioned to capture the earliest
influences on the connectome (Ji et al., 2024; Meredith Weiss et al.,
2024). Crucially, the first 100 days encompass a convergence of struc-
tural and functional changes. Foundational thalamocortical pathways
consolidate, long-range fibres grow into the cortical plate, and the early
postnatal brain begins elaborating short-range cortico-cortical circuits
alongside exuberant synaptogenesis, dendritic arborization and the
early stages of myelination, setting the stage for increased processing
speed and network efficiency (Kostovic et al., 2014; Kostovi¢ and
Jovanov-Milosevi¢, 2006; Monika, 2023; Natu et al., 2021). These
changes reflect a broader shift from a predominantly endogenous
pattern of activity — driven by intrinsic foetal circuits within the subplate
and thalamus - to one increasingly shaped by exogenous sensory input
and cortical feedback loops. This brief but highly plastic window likely
represents a sensitive period in which early experience exerts great in-
fluence on emerging functional networks.

Despite growing recognition of the importance of early FC, the first
100 days have often been overlooked as a distinct phase. The first 100
days coincide with the so-called “fourth trimester,” a period of unpar-
alleled neurodevelopmental plasticity. However, many studies span
broader windows (e.g., 0-6 months or the entire first year), potentially
masking rapid and time-sensitive changes within the earliest weeks. This
is a critical oversight, given that this period captures the transition from
foetal to neonatal brain states, the infant’s initial engagement with the
external world, and the onset of rapidly expanding sensory and social
experience. Focusing on the fourth trimester allows for a precise ex-
amination of the initial shaping of FC, capturing dynamic changes that
broader time intervals may mask. While previous reviews have synthe-
sized FC findings across methodologies, populations and wider time
windows (Argyropoulou et al., 2024; Batalle et al., 2018; Dubois et al.,
2021; Gao et al., 2019; Gilmore et al., 2018; Grayson and Fair, 2017;
Hoff et al., 2013; van den Heuvel and Hulshoff Pol, 2010; Vértes and
Bullmore, 2015), a systematic focus on the first 100 days is missing in
the current literature.

This systematic review therefore aims to synthesize current knowl-
edge on FC during the first three months of life. By aggregating and
critically evaluating evidence from this narrowly defined yet critical
developmental window, the review gathers evidence on sources of
interindividual variability and pinpoints critical gaps to guide future
research. In doing so, it aims to illuminate the earliest changes in the
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human functional connectome and their implications for neuro-
developmental trajectories.

2. Methods

Study searches were conducted on Elsevier’s Scopus®, PubMed and
EBSCO APA PsycInfo up to August 18th 2025 to select peer-reviewed
published papers on the topic of functional brain development in early
infancy. We followed the Preferred Reporting Items for Systematic Re-
views and Meta-Analyses (PRISMA) guidelines for conducting and
reporting meta-analysis and systematic reviews (Page et al., 2021). We
used the following string: {[(newborn* OR infan* OR neonat*) AND
(function* OR activation* OR response*) AND (brain OR neural OR
connectivity OR cerebral) AND (mri OR fmri OR nirs OR fnirs OR eeg OR
meg OR haemodynamic OR electrical) AND NOT (toddler* OR pre-
school*) AND NOT (preterm* OR premature* OR ischem* OR palsy OR
injury OR damage)].ti,ab,kw.}. Prior to exporting the search results, we
further selected articles written in English and filtered out systematic
reviews and meta-analyses. Our searches yielded to n = 10,619 manu-
scripts in total; then, duplicates were removed resulting in n = 5599
papers to be screened. Three independent researchers screened all the
records by title and abstract, then read all the selected papers (Fig. 1).

A systematic coding form was employed to record specific reasons for
exclusion at each stage of the selection process, which followed the in-
clusion and exclusion criteria reported in Table 2.

After independent coding, disagreements in the assessment were
resolved through pairwise discussions until consensus was reached.
During title and abstract screening n = 5174 papers were excluded and
further n = 330 papers were excluded after full-text reading. Details on
reasons for exclusion at each of these two steps are depicted in Table 3.
Additional n = 8 papers were included via citation searching. A total of
n = 103 papers were considered eligible for systematic review.

During full-text reading of the included papers we extracted avail-
able information on sample size, country where data was acquired,

Identification of new studies via databases and registers
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Table 2
Inclusion and exclusion criteria.

Inclusion
criteria

Research papers

Written in English

Analysing neural measures of task-free FC within the first 100 days

after birth

Review or meta-analysis

Out of topic (satisfied more than one of the following exclusion

criteria)

Sample characteristics:

— Atypical development (i.e. preterm birth, ischemia, cerebral
palsy, brain injury or damage)

— Infants older than three months

— Prenatal

Animal studies

Methodological papers

Task-active papers (only excluded after full-text reading)

Exclusion
criteria

Table 3
Selection process with details on reasons for exclusion at each of title and ab-
stract screening as well as full text screening stages.

Title and Abstract Full text

screening screening

n % n %
Review or meta-analysis 211 4.08% 1 0.30%
Out of topic 1931 37.32% 41 12.46%
Atypical development or at risk for it 620 11.98% 26 7.90%
Older than three months 979 18.92% 20 6.08%
Prenatal 52 1.01% 0 0.00%
Animal 1090 21.07% 0 0.00%
Methodological papers 291 5.62% 18 5.47%
Task-active papers 0 0.00% 213 64.74%
Non-english written 0 0.00% 4 1.22%
Preprint 0 0.00% 6 1.82%
TOTAL 5174  100.00% 330  100.00%

Identification of new studies via other methods

= Records removed before screening: . o i
}% Records identified from: Duplicate records (n = 5,020) Rec‘t})vrgssli?:;t(l:e_dg;omA
2 Databases (n = 10,619) » Records marked as ineligible by automation Organisations (_n =0)
g Registers (n =0} toals (n =0) Citation searching (n = 8)
§ Records removed for other reasons (n = 0)

A

Records screened Records excluded
(n = 5,599) » (n=5,174)
¢ \J
Reports sought for retrieval Reports not retrieved Reports sought for retrieval Reports not retrieved
j=2} [— —
B (n = 425) (n=1) (n=8) (n=0)
[
o
5}
(%}
Reports excluded:
Review or meta-analysis (n = 1)
v Out of topic (n = 41) v
pp— Atypical development (n = 26) T .
Reports as(s:is:g“f)or eligibility Older than three months (n = 20) Reports ass?:s_eg)for eligibility Repo(;‘t(snei(col;med.
— Methodological (n = 18) - -
Task-active (n =213)
Non-english written (n = 4)
Preprint (n = 6)

O " .
g Total studies included
§ (n=103)

Fig. 1. Flow diagram of studies selection.
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chronological and gestational age (mean, sd, range), technique used to
measure brain function (fNIRS, fMRI, EEG), infant state during data
acquisition (asleep or awake, with details on sleep state measure if
applicable).

Quality assessment of each of the selected papers was also performed
using a modified version of the Downs and Black checklist for assess-
ment of methodological quality (Downs and Black, 1998). Further de-
scriptives are provided in the Supplementary materials. A formal
meta-analysis or meta-regression was not considered in this review as
our goal was to provide an integrated summary of the state-of-the-art on
neonatal functional connectivity rather than address a specific quanti-
tative question suitable for meta-analysis.

3. Results
3.1. Descriptives of the sample

Our final sample consisted of n = 103 manuscripts. The included
studies were conducted across a diverse range of countries, with the
highest representation from the United States (n = 53), followed by the
United Kingdom (n = 18). Other countries, including Canada, Finland,
France, Germany, Spain, Switzerland, Japan and China, contributed
between one and six studies each. Research on this topic has increased
over time. Early studies date back to 1997, but a substantial rise in
annual publications has occurred since 2010, with a marked increase in
the number of studies per year from 2017 onward (Fig. 2). Of the 103
studies included in this review, the vast majority employed functional
magnetic resonance imaging (fMRI; n = 74), with fewer studies using
electroencephalography (EEG; n=19) or functional near-infrared
spectroscopy (fNIRS; n = 10); the neuroimaging modality used in each
study is reported in Supplementary materials along with each study
main summary, as well as in Fig. 2.

Evidence reviewed below stems from a variety of analytical ap-
proaches or metrics, which provide different types of information on FC.
Seed-based and ROIl/parcel-based analyses quantify pairwise FC be-
tween predefined regions, providing interpretable measures of within-
and between-network coupling. Seed-based approaches can also be
applied voxel-wise and vertex-wise, assessing connectivity at a finer
spatial resolution, which allows to capture gradients, spatial extent, and
distance-dependent patterns of functional organization. Data-driven
methods for network identification include independent component
analysis (ICA) and clustering techniques (e.g., k-means, hierarchical or
spectral clustering), used to identify networks based on similarity in
connectivity profiles and enabling characterization of network struc-
ture, segregation, and spatial overlap. In addition, graph-theoretical
approaches model the connectome as a network, quantifying topologi-
cal properties such as efficiency, modularity, clustering, and hub orga-
nization, thereby informing the balance between integration and
segregation. Finally, a subset of studies employs other methods such as
dynamic or time-resolved and frequency-based analyses (e.g., sliding-
window connectivity, phase synchronization, spectral power), particu-
larly in EEG and fNIRS, to characterize temporal variability and oscil-
latory structure of functional connections. While this overview
summarizes the main analytic approaches, other methods may also have
been used, and detailed study-specific information is provided in the
Supplementary materials. It should be noted that studies often employ
more than one analytical approach, as they provide complementary
information.

Commonly used descriptors in this review refer to various analytic
features. For example, networks described as ‘beginning to take shape’
often refer to their detectability using data-driven methods such as ICA
or clustering, despite limited segregation or reduced between-subject
consistency. The term ‘diffuse functional organization’ reflects broadly
distributed connectivity profiles, reduced differentiation of within- and
between-network connectivity, and lower modularity or clustering
separation. Similarly, ‘overlapping boundaries’ refers to substantial
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spatial overlap in voxel- or component-level network assignments and
weaker delineation between adjacent systems, as reflected by functional
instability of peripheral hubs. Together, these features are generally
interpreted as reflecting reduced network segregation and specialization
which characterise earlier development, whereas increasing specificity,
modular structure, and topological differentiation indicate functional
specialisation.

3.2. Neonatal functional brain organization

The neonatal brain exhibits an efficient, economical connectivity
pattern, with high local efficiency among anatomically adjacent regions
and sparse but well-integrated long-range connections (D.K. Hu et al.,
2022; J. Liu et al., 2021; Myers et al., 2024; Uchitel et al., 2021). This
small-world topology supports rapid communication within local clus-
ters while enabling essential global integration for early sensory and
motor processing. Early network organization is dominated by hubs in
sensorimotor regions including primary motor, somatosensory, audi-
tory, and visual cortices (Fransson et al., 2009, 2011; Rajasilta et al.,
2020; De Asis-Cruz et al., 2015; Pujol et al., 2024; Vahidi et al., 2024).
These are highly interconnected and form a rich-club architecture that
enables strong connectivity among primary sensory and motor areas
(Gao et al., 2015; Fouladivanda et al., 2021), with many connector hubs
(betweenness, bridging distinct networks) mostly identified in
subcortical-limbic-paralimbic regions (De Asis-Cruz et al., 2015; Frans-
son et al., 2011). This architecture contrasts sharply with that of adults,
where hubs are in heteromodal association cortices. The
sensorimotor-focused arrangement of the neonatal brain may reflect
immediate developmental priorities such as movement, perception, and
communication. At the same time, it maintains high flexibility so that
networks can emerge and reorganize in response to experience and
evolving cognitive demands across the lifespan.

Nevertheless, the emerging networks for higher-order cognitive
functions, such as the default mode network (DMN), frontoparietal
network (FPN), and salience network (SA), begin to take shape during
the neonatal period, though their connectivity is more diffuse and
overlapping than in adults (Molloy and Saygin, 2022; Pujol et al., 2024;
Wylie et al., 2014). For instance, the DMN, which may support intro-
spective and integrative functions, displays primitive organization in
neonates, with connectivity between medial and lateral parietal regions
as a precursor to its later development (Fouladivanda et al., 2021;
Fransson et al., 2009). Similarly, the frontoparietal network (FPN),
associated with executive control and decision-making, begins to
emerge but remains less differentiated in early postnatal life (Molloy and
Saygin, 2022; Myers et al., 2024). These networks, while detectable, are
not fully segregated in neonates, and their connectivity reflects the
gradual integration of adjacent regions that will eventually coalesce into
more specialized, adult-like systems.

To capture the dynamic landscape of early brain connectivity, the
following sections detail three interconnected dimensions of neonatal
network development. First, cortical-cortical connectivity reveals that
sensorimotor, visual, and auditory networks are among the earliest and
most stable functional systems, characterized by robust interhemi-
spheric links and emerging, yet fragmented and poorly differentiated,
higher-order networks such as the default mode and frontoparietal
networks. Second, subcortical-cortical interactions highlight the pivotal
role of limbic and subcortical hubs (including the thalamus, amygdala,
and hippocampus) which provide foundational scaffolding by inte-
grating sensory, affective, and cognitive processing, despite their
immature and diffuse organization at birth. Lastly, we summarise evi-
dence on the relationship between structure and function, highlighting
bidirectional interactions such as how intrinsic structural connectivity
patterns to later specialized cortical regions (i.e. face, scene, language,
and tool-processing) are present from birth and likely constrain
experience-driven functional specialization. In turn, these functional
specialisations may fine tune patterns of structural connectivity.
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3.2.1. Cortical-cortical connectivity

3.2.1.1. Consensus findings and sources of inconsistencies. Group-level
modular structure is detectable at birth, with identifiable sensorimotor/
auditory, visual, temporoparietal, prefrontal, orbitofrontal, subcortical,
and lateralized temporal systems (Q. Wang et al., 2021) characterised by
both intra- and inter-network connectivity, indicating the presence of
functionally distinct yet interacting systems.

Sensorimotor, visual, and auditory networks are among the first to
develop, laying the foundation for essential processes such as move-
ment, perception, and communication. These early-developing systems
begin their emergence during the rapid neural growth period in the third
trimester of gestation (Doria et al., 2010) and have been widely iden-
tified in neonates (Alcauter et al., 2015; Blanchett et al., 2023; De
Asis-Cruz et al., 2015; Eiselt et al., 2001; Fouladivanda et al., 2021;
Fransson et al., 2009, 2011; Gao et al., 2009, 2015; Gordon et al., 2023;
Hanford et al., 2018; Kamps et al., 2020; J. Liu et al., 2023; Molloy and
Saygin, 2022; Nielsen et al., 2023; Pendl et al., 2017; Pujol et al., 2024;
Rajasilta et al., 2020; Sylvester et al., 2023; Uchitel et al., 2023; Q. Wang
et al.,, 2021; Y. Wang et al., 2021; Wylie et al., 2014; Yin et al., 2020;
Vahidi et al., 2024; Huang et al., 2020). Across studies, these early
sensory systems exhibit relatively strong within-network coherence and
spatially circumscribed organization, consistent with a small-world to-
pology (efficient yet locally concentrated) characterized by high local
clustering and limited long-range integration that remains largely
restricted to parietal and sensorimotor regions (Baxter et al., 2021; Gao
et al.,, 2015; Pendl et al., 2017). Thus, convergence is high with respect
to the presence and relative maturity of primary sensory and motor
networks at birth. Moreover, being the most developed (Gao et al.,
2015) and best connected to the rest of the brain (Huang et al., 2020),
sensorimotor regions may act as communication bottlenecks, coordi-
nating information flow between emerging networks.

In contrast, the developmental status of higher-order networks re-
mains less consistently characterized. Although components of the
default mode (DMN), frontoparietal (FPN), salience (SA), and dorsal
attention (DAN) systems are detectable in neonates, their spatial
boundaries, internal differentiation, and degree of segregation vary
substantially across studies. A relatively consistent observation is the
prominence of posterior hubs — particularly within the DMN (e.g., pre-
cuneus, retrosplenial cortex, posterior cingulate cortex) — with weaker
and less reliable anterior integration (Deoni et al., 2019; Fouladivanda
etal., 2021; Fransson et al., 2009; Gao et al., 2009; Y. Wang et al., 2021;
Wylie et al., 2014). Beyond this posterior-anterior gradient, however,
findings diverge. Some studies report early signs of preferential
long-range connectivity and emerging intra-network differentiation
particularly within cingulate subdivisions and posterior-anterior con-
nectivity (J. Liu et al., 2023; Myers et al., 2024; Sylvester et al., 2023),
whereas others emphasize limited segregation and reduced functional
specificity (De Asis-Cruz et al., 2015). Notably, several investigations
suggest that the DMN, FPN, and SA cannot yet be reliably dissociated
and instead form a diffuse frontoparietal network (Gao et al., 2015;
Molloy and Saygin, 2022; Uchitel et al., 2023), while others report
partially segregated frontal and parietal components (Rajasilta et al.,
2020). Although there is no consensus on how segregated and integrated
higher-order networks are at birth, it is evident that skeletal connectivity
patterns in at least some key regions are in place to support further
development during the first months’ post-birth.

Taken together, research consistently demonstrates that the brain’s
foundational sensory and motor systems are reliably identified at birth,
but comparatively greater variability if found in the reported identifi-
cation, segregation, and integration of higher-order association net-
works. This suggests that while primary systems are functionally
consolidated around birth, higher-order networks are only present in a
skeletal and developmentally labile state, providing a scaffold for
further rapid reorganization during the early postnatal period. Rather
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than being fully formed or entirely undifferentiated at birth, higher-
order systems may consist of partially distinct local subnetworks that
progressively specialise and integrate over time.

3.2.1.2. Age-related transitions. Primary sensory and sensorimotor sys-
tems show relative stability. Their connectivity patterns are more pre-
dictive of chronological age and more topographically similar to adult
organization compared to later-developing higher-order networks such
as default-mode, frontoparietal, salience, and dorsal attention (Nielsen
et al., 2023; Y. Wang et al., 2021). Development within these early
systems reflects both prenatal maturation and postnatal refinement,
with gestational age contributing to strengthening and pruning of
sensorimotor connectivity, and postnatal age driving increasing inter-
hemispheric and long-range integration (Vahidi et al., 2024). In parallel,
homotopic interhemispheric symmetry increases markedly across the
first three months, particularly within visual, sensorimotor (with sym-
metry here already moderate at birth and increases steadily in a
log-linear fashion), and dorsolateral prefrontal cortices, indicating
consolidation of bilateral coordination during this early window
(Emerson et al., 2016).

In contrast, higher-order association networks follow a more pro-
tracted and dynamic developmental trajectory. Early in life, these sys-
tems appear fragmented into local clusters that progressively integrate
into large-scale networks, providing an explanation to conflicting re-
ports of early segregation vs diffuse organization. Developmental evi-
dence suggests that multiple early subnetworks (posterior, anterior,
inferior, and precentral) gradually coalesce into adult-like frontoparietal
organization (Myers et al., 2024) and that a remarkably rapid reorga-
nization of the DMN happens within the first three postnatal months,
contrasted with the more gradual development of the SN and FPN (Gao
etal., 2015). Interhemispheric symmetry in control-related regions such
as dorsolateral prefrontal cortex and intraparietal sulcus begins at a
comparatively low level and increases more gradually than in sensory
systems (Emerson et al., 2016), reflecting more delayed integration of
executive circuitry.

By approximately four months of age, multiple robust networks
(including sensorimotor, auditory, language-related, frontal, and
emerging frontoparietal/default-mode components) can be delineated,
exhibiting anticorrelated patterns, strong local clustering, and
increasing long-range integration (Blanco et al., 2021). Hubs in superior
temporal, precentral, and inferior frontal regions support early motor,
language, and default-mode-like organization, indicating a progressive
shift from neonatal connectivity patterns toward more distributed and
integrated network architecture (Blanco et al., 2021). Emerging
degree-central hubs increasingly appear in frontal and parietal cortices
(Pan et al., 2024), while association systems exhibit the fastest gains in
connectivity strength, reinforcing the transition from sensory-dominant
topology toward distributed higher-order integration (Wen et al., 2019,
2024).

Collectively, these findings suggest that early postnatal cortical-
cortical functional development is marked by (1) early network stabil-
ity of primary systems, (2) rapid gains in interhemispheric symmetry,
and (3) progressive integration and specialization of higher-order net-
works. While cortical systems are therefore identifiable at birth, their
boundaries are spatially diffuse and functionally overlapping, particu-
larly within higher-order association networks. This raises a critical
organizational question: if cortical segregation is limited, what struc-
tures support large-scale integration in the neonatal brain? Addressing
this requires shifting focus from cortico-cortical architecture to the
subcortical systems that may scaffold early network organization.

3.2.2. Subcortical-cortical connectivity

3.2.2.1. Consensus findings and sources of inconsistencies. In early life,
subcortical and limbic structures form the foundational backbone of the
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brain’s functional architecture, providing critical scaffolding for sen-
sory, affective, and cognitive development. The subcortical network not
only exhibits increased segregation (as evidenced by strengthened
within-network FC) but also demonstrates high integration with the
cortex. This developed subcortical-cortical FC may be constrained by a
relatively established underlying structural connectivity (see Section
3.2.4 on structure-function coupling; here, we focus on functional
organization).

Across studies, a consistent finding is that these regions (particularly
basal ganglia and thalamus) are among the most functionally connected
regions in the neonatal brain and classified as part of a core architecture
of densely interconnected hubs supporting global integration (De
Asis-Cruz et al., 2015; Fouladivanda et al., 2021; Rajasilta et al., 2020),
with brainstem, thalamus and right caudate hubs being crucial for
maintaining small-world properties (Chirumamilla, Mulkey, et al.,
2024). Around birth, this network undergoes significant changes in FC
and shows a marked increase in local efficiency, reflecting rapid
development of its role as a central hub for cortical communication,
supporting the brain’s adaptation to new processing demands during
this perinatal transition (Ji et al., 2024).

A broad consensus also holds that the limbic system (critically
involved in emotional reactivity, memory consolidation, and social
bonding) is structurally established at birth and already highly inte-
grated into early functional networks, despite remaining functionally far
from being adult-like (Huang et al., 2020; Molloy and Saygin, 2022).
Rather than being segregated into adult-like circuits, limbic and
subcortical regions exhibit more widespread connectivity, forming a
unified module with temporal regions at birth that segregates into
cortical and subcortical systems by three months (Wen et al., 2019). This
diffuse configuration likely represents a developmentally adaptive ar-
chitecture in which the limbic system strongly influences sensory, af-
fective, and cognitive processes.

At the same time, discrepancies across studies stem partly from the
definition of the network itself. Some authors restrict the “subcortical
network” to basal ganglia and thalamus, whereas others explicitly
include amygdala-hippocampal and paralimbic regions, contributing to
differences in reported boundaries and connectivity profiles. Methodo-
logical factors (e.g., parcellation schemes, age ranges, and analytic
pipelines) might influence conclusions about segregation versus inte-
gration. Nonetheless, even where network definition differs, there is
convergence in depicting subcortical-limbic regions as central and
highly connected in early life.

3.2.2.2. Age-related transitions. Neonates show stronger limbic coupling
with primary sensory cortices than adults, in whom connectivity be-
comes increasingly concentrated in higher-order association areas
(Hansen et al., 2020). This pattern supports the view that early
emotional processing is more tightly coupled to sensory systems than to
higher-order cortical regulation.

Converging evidence from thalamocortical systems reinforces this
sensory bias. Although thalamocortical pathways are topographically
organized in an adult-like manner at birth, their functional connectivity
in the perinatal period is biased toward primary sensorimotor and visual
systems (Ayzenberg et al., 2025; Ferradal et al., 2019; Kebiri et al., 2025;
Poh et al., 2015), Moreover, thalamic connectivity shows a transient
surge around late gestation at postmenstrual age, peaking around 40-41
weeks before declining after 42 weeks. This initially involves parietal,
superior temporal, supramarginal, cingulate, and frontal regions, fol-
lowed later by cerebellar connections (Kebiri et al., 2025). This finding
reinforces the primacy of low-level sensory processing in early postnatal
life, with subcortical-cortical systems serving as essential conduits for
bottom-up information flow. However, the relative contribution of
sensory-driven versus emotion-driven influences remains unclear, given
the central integrative and gating role of subcortical structures in bidi-
rectional information transfer.

Neuroscience and Biobehavioral Reviews 186 (2026) 106703

Over the first months and years, this architecture undergoes pro-
gressive differentiation. The early subcortical-temporal module segre-
gates into distinct cortical and subcortical systems by around three
months (Wen et al, 2019). In parallel, limbic-prefrontal and
limbic-DMN connectivity strengthens gradually, reflecting a shift from
predominantly local and sensory-based coupling toward longer-range,
association-based integration (J. Liu et al., 2021; Posner et al., 2016;
Yu et al., 2014). Thus, while foundational circuits are present from birth,
their embedding into other functional systems becomes increasingly
selective and hierarchically organized over the first months postnatal.

Subcortical and limbic hubs thus occupy a central position in early
network topology, anchoring integration in a system where cortical
specialization remains incomplete. However, understanding neonatal
organization requires moving beyond individual systems to consider
how cortical and subcortical architectures jointly determine the overall
balance between integration and segregation across the whole-brain
connectome.

3.2.3. Integration and segregation

3.2.3.1. Consensus findings and sources of inconsistencies. When consid-
ered together, cortical diffuseness and subcortical centrality suggest that
neonatal architecture is not defined by a lack of organisation, but by a
distinctly different integration-segregation equilibrium. Although net-
works (Table 4) and hubs (Table 5) are identifiable at birth, the relative
balance between inter-network integration and within-network
specialization differs markedly from that observed in adulthood.

Compared to adults, infants exhibit stronger connectivity outside
canonical resting-state networks and weaker within-network connec-
tivity (Wylie et al., 2014). Functional networks show high spatial
overlap, with blurred boundaries both globally and within specific sys-
tems such as the motor network, where inter-effector regions are
broadly distributed and poorly segregated (Gordon et al., 2023). This
pattern likely reflects immature network organization, with weak
functional segregation and diffuse connectivity across developing sys-
tems (Johnson, 2011). While this may result in higher correlations be-
tween regions belonging to different canonical networks, it does not
necessarily imply functional inter-network communication in the adult
sense. Instead, it may indicate that resting-state networks are not yet
fully differentiated, consistent with the ongoing emergence of modular
and small-world architecture over development.

From a hierarchical perspective, early organization appears
anchored by sensorimotor and subcortical systems, with heteromodal
cortical regions exhibiting weaker within-network coherence relative to
adults. Thus, while some modular structure is present, the system-level
balance favours broad integration over tight specialization. This
configuration may support rapid adaptation to extrauterine sensory
input by facilitating flexible cross-system communication.

Over postnatal development this balance shifts. For instance, higher
gestational age at birth has been linked to reduced between-network
connectivity (Blanchett et al., 2023) and to topological properties of
cortical networks that reflect prenatal development (Castro Conde et al.,
2017; Toth et al., 2017). Even within days of birth, functional patterns
shift rapidly as the brain adapts to life outside of the womb. These ob-
servations underscore that neonatal functional architecture is not static
but rather is poised for rapid transformation.

Taken together, evidence reviewed thus far highlights that the
neonatal brain exhibits a coherent large-scale architecture, with early
sensory systems and nascent higher-order networks integrated through
modular, small-world, and hub-like organization. At the same time, high
inter-network connectivity and overlapping boundaries reflect a con-
nectivity landscape different from adult specialization. This balance
between integration and segregation sets the stage for exploring how
functional networks align with underlying structural architecture.
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Table 4

Key findings for each of neonatal functional networks.

Network(s)

Key findings

Sensorimotor network

Visual network

Auditory network

Language network

Particularly developed at birth, showing
minimal postnatal changes. Exhibits
robust interhemispheric connectivity
between primary motor and
somatosensory cortices and the medial
temporal lobe, closely resembling the
adult configuration (Fouladivanda et al.,
2021; Fransson et al., 2009, 2011; Gao
et al., 2015; Molloy and Saygin, 2022;
Rajasilta et al., 2020).

Strongest connections are within the left
hemisphere, with weaker right-
hemisphere connections and fewer
interhemispheric links (Vahidi et al.,
2024), as well as anticorrelation with
other networks (Myers et al., 2024).
Multiple sensory and motor systems
display functional organization at birth:
gustatory processing, sensorimotor
functions and neonatal behaviors (such
as sucking, swallowing, and crying) are
supported by relatively high local FC in
the frontal operculum and anterior
insula; while basic sensory control of
anal and urethral sphincters are
scaffolded by the paracentral lobule,
encompassing representations of the
lower limbs (Pujol et al., 2024).
Observed in the occipital regions (Fiselt
et al., 2001), with strong
interhemispheric connectivity between
primary visual cortices from birth
(Fransson et al., 2009, 2011; Gao et al.,
2015; Rajasilta et al., 2020).

Some report it to be functionally
segregated into dorsal and ventral visual
streams (Molloy and Saygin, 2022), or
into medial visual and occipital (Baxter
et al., 2021), suggesting localised
connectivity.

While occipital connectivity patterns of
the early visual network remain
relatively stable through infancy, lateral
visual and parietal association areas
exhibit greater developmental
variability (Gao et al., 2015).

Bilaterally localized to superior temporal
cortex, is identifiable at birth (Baxter

et al., 2021; Fouladivanda et al., 2021;
Fransson et al., 2009, 2011; Rajasilta

et al., 2020).

Stronger left-lateralized connectivity in
the superior temporal gyrus suggesting
an early scaffold for language develop-
ment (Hu et al., 2024; Molavi et al.,
2014; Wylie et al., 2014).

Proto language network at birth
connects functionally to the visual word
form area, suggesting early connectivity
patterns to constrain the specialization
of this experience-driven cortical region
(Li et al., 2020).

The inferior frontal gyrus (IFG) and
superior temporal gyrus (STG), known as
language-related regions, exhibit
increasing asymmetry with changes
already detectable by the end of the third
month postnatal. Although these regions
eventually show lateralization beyond
this window (i.e. symmetry peaking at
11 months), their early bilateral coordi-
nation may serve as a foundational
scaffold for later language specialization
(Emerson et al., 2016).
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Table 4 (continued)

Network(s)

Key findings

Subcortical network

Higher-order networks (Default-
mode, DMN; Frontoparietal FPN;
Salience, SA; Dorsal attention,
DAN)

Central hub in the neonatal brain
(Rajasilta et al., 2020), participating in a
rich-club architecture of densely inter-
connected hubs supporting global inte-
gration (De Asis-Cruz et al., 2015;
Fouladivanda et al., 2021).

Around birth, and even earlier, it shows
increased local efficiency and
strengthened within-network connectiv-
ity, consolidating its role in subcortical-
cortical communication but also as a
central hub relaying most incoming and
outgoing information to and from the
cortex and mediating cortico-cortical
interactions (Ji et al., 2024).

Limbic regions (amygdala,
hippocampus, thalamus, hypothalamus,
cingulate cortex) are present but have a
diffuse functional organization at birth
(Huang et al., 2020; Molloy and Saygin,
2022).

Amygdala shows reciprocal connectivity
with dorsolateral and ventral prefrontal
cortices (Posner et al., 2016). Basolateral
amygdala displays broad,
undifferentiated structural connectivity
with occipitotemporal cortex, and
neonates exhibit stronger amygdala
coupling with primary sensory cortices
than adults, in whom amygdala
connectivity shifts toward association
areas (Hansen et al., 2020).
Hippocampus demonstrates strong local
connectivity with parahippocampal
gyrus, amygdala, insula, temporal areas,
thalamus, caudate and putamen from
birth (J. Liu et al., 2021), whereas
long-range coupling with canonical
DMN regions (medial prefrontal and
posterior cingulate cortices) strengthens
gradually across the first year and con-
solidates during the second. Major limbic
tracts (cingulum and fornix) are present
at birth and connect key DMN nodes; the
cingulate segment continues extending
into prefrontal cortex into adulthood,
while hippocampal segments show
greater morphological stability (Q. Yu
et al., 2014).

Thalamocortical functional pathways
are biased toward primary sensorimotor,
visual, and auditory cortices (Ferradal
et al., 2019; Poh et al., 2015).
Pulvino-cortical connections to dorsal
visual regions are established, whereas
ventral-stream connectivity remains
relatively immature (Ayzenberg et al.,
2025). By ~44 weeks post-menstrual age
(PMA), four thalamic clusters can be
distinguished (posterior, medial, dorsa-
1/anterior, ventrolateral), linking sen-
sory, salience, frontoparietal, and
motor-related systems (Kebiri et al.,
2025). Globally, thalamic functional
connectivity increases between 37-40
weeks PMA, peaks at ~40-41 weeks, and
declines after 42 weeks, first in cortical
association regions and subsequently in
cerebellar connections (Kebiri et al.,
2025).

Posterior components of the DMN (e.g.,
precuneus, retrosplenial cortex,
posterior cingulate) are consistently
detected and function as early hubs, but
anterior regions such as the medial
prefrontal cortex, are inconsistently

(continued on next page)
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Table 4 (continued)

Network(s) Key findings

identified and poorly connected (Deoni
et al., 2019; Fouladivanda et al., 2021;
Fransson et al., 2009; Gao et al., 2009; Q.
Wang et al., 2021; Wylie et al., 2014).
Nonetheless, some evidence points to
early positive correlations of
anterior-posterior clusters of DMN
(Myers et al., 2024), and more generally
early preferential long-range connectiv-
ity and spatial clustering: while connec-
tivity strength in DMN, FPN and DAN
was lower, selective intra-network con-
nections were already forming in neo-
nates shortly after birth between
posterior clusters and anterior regions
(Sylvester et al., 2023).

Early functional differentiation within
key hubs: subdivisions of the cingulate
cortex (key node within the DMN and
broader control systems) show distinct
connectivity profiles, with the anterior
cingulate cortex (ACC) linked to salience
and DMN regions, the middle cingulate
cortex (MCC) to motor systems, and the
posterior cingulate cortex (PCC) to the
DMN, indicating emerging specialization
within control-related circuitry (Y. Liu
et al., 2023).

Skeletal forms of the default mode,
dorsal attention, and executive control
networks are identified (Baxter et al.,
2021; Gao et al., 2015; Myers et al.,
2024; Sylvester et al., 2023), but spatial
boundaries and connectivity patterns
often overlap. The DMN, FPN, and SA,
could not be reliably separated in
neonates and instead appear as a single,
diffuse frontoparietal-like structure
(Molloy and Saygin, 2022; Uchitel et al.,
2023), although other authors identified
separate frontal and parietal networks
(Rajasilta et al., 2020), pointing to the
early but fragmented and inconsistent
nature of these networks.

Multiple early subnetworks (posterior,
anterior, inferior, and precentral)
gradually coalesce into an adult-like FPN
(Myers et al., 2024), with very rapid
early reorganization in the DMN within
the first three months post birth, in
contrast to the more gradual emergence
of the SA and FPN {Citation}.

3.2.3.2. Age-related transitions. Evidence converges on the first three to
four postnatal months as a key time for rapid and heterogeneous reor-
ganization in large-scale functional architecture (Table 6). Rather than
reflecting a simple “present versus absent” pattern, early development
unfolds along nonlinear trajectories that vary across regions, networks,
and metrics. Prenatal and perinatal data indicate early connectivity
peaks in posterior and subcortical circuits, including a thalamic surge
around 40-41 weeks of gestation, followed by postnatal strengthening of
sensorimotor and frontal networks, with functional organisation further
modulated by gestational age at birth (Derman et al., 2025; Ji et al.,
2024).

At birth, hubs are concentrated in sensory regions, whereas frontal
and parietal hubs emerge rapidly within the first three months, and
peripheral hubs show marked functional instability before stabilizing.
Primary sensory and sensorimotor networks are those with highest
stability, yet graph-theoretical metrics indicate rising local efficiency
and clustering within visual and language-related regions during the
first month, alongside declining inter-network connectivity (D.K. Hu
et al., 2022; Pan et al., 2024; Yin et al., 2019).
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Table 5

Key findings on hubs distributions in the neonatal brain. Hubs are defined as
regions/nodes that are central to the network based on one or more graph
metrics (e.g., high degree, strength, betweenness, centrality); broadly, they act
as key relay points for information flow. Hubs can be part of a rich-club
organization.

Hub class Predominant neonatal Functional Key studies

distribution role

Rich-club Subcortical regions, Provide a Blanchett et al.,
hubs sensorimotor cortex and proto-  structural 2023; Castro

DMN regions, with key backbone for Conde et al.,
contributions from insula, brain-wide 2017); Deoni
cingulate gyrus, temporal information et al., 2019;
regions. integration, Fouladivanda

supporting et al., 2021

coordinated

activity across

distant areas

even prior to

full

myelination of

white matter

pathways.

High- Primarily Act as major Chirumamilla,
degree subcortical-limbic—paralimbic integrative Mulkey, et al.,
hubs regions (e.g., thalamus, basal nodes 2024; De

ganglia, brainstem). Basal sustaining Asis-Cruz et al.,
ganglia structures (pallidum, small- 2015
putamen) show dominant worldness and
outflow; thalamus and global
brainstem show high inflow. efficiency.
Directional
asymmetries
suggest
hierarchical
subcortical
control
gradients and
early
hemispheric
specialization.

Connector Supplementary motor area, Support cross- De Asis-Cruz
hubs insula, somatosensory cortex; network et al., 2015;

overlapping with rich-club integration in Fouladivanda

nodes; intersections of sensory
and associative systems

a brain with et al., 2021;
blurred Fransson et al.,
modular 2011
boundaries;
support global
coordination
across
emerging
systems.
Support strong
within-module
processing;
reflect early
signs of
cortical
specialization
without global
dominance.

Fouladivanda
et al., 2021

Provincial Bilateral prefrontal cortex;
hubs emerging association regions

Crucially, the most fast-paced occur in higher-order networks across
the first 3 months postnatal (especially for the DMN; Gao et al., 2015),
with the fastest gains in intra-network connectivity being observed
already in the first weeks of life (Wen et al., 2024). Early modules,
particularly temporal-subcortical assemblies, progressively subdivide
and reorganize into differentiated cortical and subcortical systems, with
new control-related circuits emerging alongside boundary refinement
and expansion of module number (Wen et al., 2019, 2024).

These topological transitions coincide with substantial energetic and
physiological reweighting. Cortical hemodynamics shift from in-phase
to antiphase patterns in posterior and lateral cortices, reflecting
evolving oxygen metabolism, neurovascular coupling, and metabolic
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Table 6
Key developmental findings.

Study Age

Key findings

Initial architecture and gestational age at birth effects

Jietal., 2024 25-55 GW

Derman et al., 2025 Birth - first few

weeks
Scheinost et al., 32-44 GW
2024
Té6th et al., 2017 Birth
Castro Conde et al., First6h -3
2017 days

Blanchett et al., Birth - 1 month

2023

Increased segregation and integration
Yin et al., 2019 Birth - 1 month

Pan et al., 2024 Birth - 3
months

Wen et al., 2019 Birth - 3
months

Wen et al., 2024 37-45 GW

Nonlinear FC trajectory: foetal peak
(~30w), sharp increase around birth,
stabilization in infancy. Gains in FC
prenatally in occipital-cerebellar and
subcortical circuits; postnatally in
sensorimotor and frontal systems.
Network-specific development is
heterogeneous: rapid increases in
subcortical, superior frontal, and occipital-
cerebellar networks, as well as cross-
hemisphere sensorimotor and temporal
connections. Regionally specific changes
in global/local efficiency.

Marked age-related strengthening in
primary sensory networks; most higher-
order networks follow identifiable
developmental trajectories except
prefrontal and posterior-cingulate cortex.
DMN, FPN, and SN begin synchronizing
prenatally, with intra-network
connectivity rising significantly between
32 and 44 weeks of gestation. Connectivity
was weak at 32-36 weeks but exceeded
zero by 40 weeks, with the DMN changing
more slowly than FPN and SN. Inter-
network connectivity revealed early
integration between DMN-FPN alongside
decreasing DMN-SN and FPN-SN
connectivity.

Later gestational age (GA) corresponded to
more mature theta/alpha topologies,
especially frontal/parietal regions. These
networks had greater connectivity and
higher proportion of short-range
connections.

Differences in cortical topology within the
first six hours of life relate to GA and
reflect rapid postnatal adaptation. Delta
brushes and temporal-rolandic sharp
waves diminish by day 3.
Between-network connectivity decreases
with higher GA, with earlier-born infants
showing more diffuse organisation.

Increased connection density and local
efficiency (particularly among visual and
language areas); decreased inter-network
connectivity (such as visual-motor, visual-
cognitive, and motor-cognitive).

Increase in global clustering coefficient
and decrease in characteristic path length,
indicating enhanced modular segregation
coupled with integrative efficiency.
Modules increase from 4 (A. visual cortex
in the occipital lobe; B. temporal lobe and
subcortical regions; C. frontal; D.
sensorimotor regions such as the pre- and
post-central gyri) to 5 (the least spatial
change in module A; B splits into one in the
subcortical module and one in the
temporal lobe). Intra-module connectivity
increases steeply; inter-module
connectivity increases more gradually.
Emergence of connector hubs, particularly
in temporal and frontal regions.

Network count increases (9-10), with the
emergence of cingulo-opercular network
and boundary adjustments: hand and
mouth sensorimotor systems expanded
toward cingulate and motor areas;
posterior DMN extended into the temporal
region (39-41 weeks), and reorganization
between the anterior DMN and hand
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Table 6 (continued)

Study Age

Key findings

Birth - 3
months

D.K. Hu et al.,
2022; D. Hu
et al., 2022

First few weeks
postnatal

Tokariev et al.,
2016

Alcauter et al.,
2015

Birth - 1 year

Neonate - 8
years

Huang et al., 2024

Gao et al., 2015 Birth - 2 years

sensorimotor systems gave rise to the
cingulo-opercular control system (43
weeks) Intra- and inter-system
connectivity increase linearly; fastest
gains within association systems and the
slowest between primary and association
systems. Increase in local efficiency, with
consistently high values in sensorimotor
regions, relatively low values in the medial
temporal lobe, temporal pole, and
orbitofrontal cortex, and progressive
increases in the inferior and superior
parietal lobes, medial frontal cortex, and
precuneus.

Small-world maintained; cross-correlation
strength increases after 3 months;
differently, weighted phase lag index
strength (delta/theta) decreases,
suggesting that different aspects of
functional communication are tackled by
the two metrics and these seem to change
on different timelines

increase in low-frequency phase
synchronization; decrease high-frequency
coupling; global shifts across hemispheres,
suggesting global reconfiguration.

Shift from ultra-slow global synchrony
(which are more uniform than in older
infants) to more spatially specific higher-
frequency signals at 1 year.

Both segregation (lower intra-network)
and integration (higher inter-network)
increase with age (8-years-old children vs
neonates). Strong and widespread
organization starting with segregation
processes followed by a continuous
increase in integration. Differences in low-
and high-frequencies oscillations with age.
During the first 3 months, the DMN and V3
showed substantial development, while
executive function-related networks (FPN,
SA) develop more gradually.

From sensory to higher-level cortical hubs

Pendl et al., 2017 Birth - 2 years

Pan et al., 2024 Birth - 3
months
D.K. Hu et al., First months
2022; D. Hu
et al., 2022

Yin et al., 2020 Birth - 1 year

Changes in energetic requirements
Taga et al., 2018 Birth - 3
months

Early auditory-sensorimotor overlap in
perisylvian circuits is present at birth and
predicts later language and cognitive
outcomes, while connections to higher-
order and limbic regions gradually emerge
over the first two years, reflecting
progressive integration from local sensory
networks to cortical hubs.

Emergence of degree-hubs in frontal,
central, parietal hubs by 3 months.
Transition from a local, short-range
architecture toward a more efficient and
distributed small-world network; evidence
from flexibility-based network analyses
suggests that reorganization is both
dynamic and regionally distributed.
Highest functional instability (how often
brain regions switch their network
affiliations) in first 3 months; peripheral
hubs most unstable; parietal/occipital
instability declines early. These transient
shifts mirror patterns observed in skill
learning (i.e. increase followed by a
decrease in instability in motor regions
when learning a new motor skill) and may
reflect the reorganization occurring during
critical developmental windows.

Shift from in-phase to antiphase cortical
hemodynamic in lateral and posterior
cortical regions, likely reflecting changes
in oxygen metabolism, haemoglobin
properties, and neurovascular coupling.

10
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demands (Taga et al., 2018). EEG frequency-specific change is also
observed and highlights different developmental trends (D.K. Hu et al.,
2022), with early weeks being characterised by increases in
low-frequency phase coupling (Alcauter et al., 2015; Tokariev et al.,
2016), indicating a global reconfiguration (Huang et al., 2024).

In summary, large-scale functional networks emerge prenatally with
posterior cortical and subcortical predominance and increasing intra-
network synchrony approaching term. A perinatal inflection
(~40-41gw) is characterized by a transient thalamic surge and bound-
ary reconfiguration of large-scale systems. From birth to three months,
the connectome undergoes coordinated systems-level reweighting:
module number increases, intra-network clustering strengthens, selec-
tive integration via connector hubs emerges, and hub hierarchy re-
distributes from sensory dominance toward frontal-parietal association
regions. This interval is marked by peak functional instability and con-
current physiological transitions, including frequency-specific shifts and
evolving neurovascular coupling. By approximately four months, robust
anticorrelated large-scale networks and distributed hubs become iden-
tifiable. Development thus reflects nonlinear, bidirectional recalibration
of segregation, integration, hub topology, and energetic constraints
rather than uniform strengthening of isolated systems.

Together, these findings converge on a picture of the first three
months of life as a period marked by both rapid segregation of functional
networks and dynamic global integration. Early life is characterized not
merely by incremental maturation within isolated systems, but by
changes in how the brain organizes, coordinates, and redistributes its
functional architecture, laying the foundation for further network
specialization.

3.2.4. Structure-function coupling

Building on the above summary of neonatal functional organization
and its developmental changes, a central question concerns how these
functional changes relate to the underlying structural substrate. A
growing body of evidence links early functional organization to
emerging structural features, highlighting the interplay between anat-
omy and function in the neonatal brain. However, it is important to note
that while structural architecture constrains function, functional con-
nectivity (calculated based on statistical correlations in activity) does
not necessarily imply a direct structural connection between regions
that show coherent activation. Key evidence on structure-function
coupling in early life (Table 7) suggests that the core question to ask is
not whether structure maps one-to-one onto function, but how the two
co-develop within a rapidly changing brain.

Myelination appears to be a critical constraint on local functional
development: it is regionally heterogeneous and strongly predictive of
short-range functional connectivity, often more so than chronological
age (Huang et al., 2023; Lin et al., 2024). By enabling faster and more
reliable signal transmission, myelin likely stabilizes local connectivity
and supports the emergence of synchronised regions. Yet fibre orienta-
tions remain highly variable and microstructural properties change
rapidly in the early postnatal period, underscoring the changes in the
structural substrate (Lin et al., 2024).

At the macroscale, long-distance axonal pathways are already suffi-
ciently developed to support rich-club organization at birth, suggesting
that the structural backbone for global integration is in place
(Fouladivanda et al., 2021). Cortical-cortical tracts linking limbic and
medial association regions are found in neonates, partial scaffolding for
higher-order systems such as the default mode network (Yu et al., 2014).
However, cortical parcels remain spatially smoother and less differen-
tiated than in adults, and variability in cortical folding and surface area
complicates precise parcellation (Myers et al., 2024).

Subcortical-cortical projections already exhibit adult-like topo-
graphic organization (Ferradal et al., 2019), and thalamic substructures
grow in synchrony with their cortical targets, with asymmetric cortical
thickening (particularly in the left superior temporal cortex) suggesting
early alignment between structural growth and emerging
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Table 7
Key findings on structure-function coupling.

Topic Study Key findings

Myelination Huang et al., 2023 Regional myelination was a stronger
predictor of local functional connectivity
strength than chronological age or cortical
morphology. Associations were regionally
specific, suggesting that local
microstructural maturation constrains
short-range functional connectivity.

Core DMN regions (medial prefrontal
cortex, anterior cingulate cortex, and medial
temporal lobe) were structurally connected
at birth via well-developed limbic tracts
(cingulum, fornix). The hippocampal
segment of the cingulum and fornix showed
relative morphological stability, whereas
the cingulate gyrus portion displayed later
developmental branching toward prefrontal
cortex during childhood, indicating partial
structural readiness but incomplete long-
range integration.

Sensorimotor regions in neonates exhibited
significantly longer intrinsic timescales than
adults, indicating slower temporal dynamics
and extended integration windows,
particularly in regions with ongoing
myelination

Neonatal brains exhibited significant rich-
club organization involving highly
interconnected hubs across sensorimotor,
subcortical, and proto-DMN regions.
Structural hubs were spatially concentrated
in areas where resting-state networks
overlap, indicating a nascent but robust
structural backbone for global integration.
Neonatal cortical parcels (283 parcels on
cortical surface) showed smoother, less
sharply defined boundaries compared to
adults. High inter-individual variability in
cortical folding and surface area
complicated stable parcellation, reflecting
reduced structural differentiation.
Neonates showed high variability in fibre
orientations, with the most rapid
microstructural changes occurring within
the first postnatal months. Models trained
on older infants generalized poorly to
newborn data; minimal newborn-specific
fine-tuning markedly improves predictive
accuracy.

Neonates demonstrated functional
connectivity between occipital face area
(OFA) and fusiform face area (FFA), and
between parahippocampal place area (PPA)
and retrosplenial cortex (RSC). Face and
scene networks also showed biased
connectivity from different portions of
primary visual cortex (V1): face regions
showed preferential connectivity with
foveal V1, while scene regions were
preferentially linked to peripheral V1,
mirroring adult-like patterns and hinting at
early visual tuning. Connectivity strength
increased with age.

The neonatal VWFA exhibited preferential
functional connectivity with left-
hemisphere language areas prior to literacy
acquisition, suggesting pre-existing
connectivity biases in ventral
occipitotemporal cortex.

Newborns exhibited functional connectivity
among left-lateralized tool-network regions
despite minimal object-manipulation
experience. Premotor-parietal functional
connectivity was particularly robust,
indicating early network-level organization.

Yu et al., 2014

Truzzi and
Cusack, 2023

Fouladivanda
et al., 2021

Cortical-
cortical

Myers et al., 2024

Lin et al., 2024

Kamps et al., 2020

Li et al., 2020

Wen et al., 2022

(continued on next page)
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Table 7 (continued)

Topic Study Key findings
Subcortical- Poh et al., 2015 Thalamic substructures (e.g.,
cortical thalamofrontal, thalamotemporal) and their

associated thalamocortical white matter
tracts grow in synchrony with the cortical
regions to which they project, with the
fastest growth in the right-thalamofrontal
substructure, which may be mainly due to
synaptic overproduction at this early stage.
Cortical thickness increased with age in
bilateral frontal and left temporal cortices,
with particularly pronounced growth in left
superior temporal cortex, a region
associated with auditory and language
processing.

Structural thalamocortical connectivity in
neonates already resembled adult projection
topography. However, structural-functional
overlap was strongest in motor and primary
sensory cortices (occipital, somatosensory)
and weaker in higher-order association
areas (temporal, posterior parietal),
reflecting the dominance of sensorimotor,
auditory, and visual networks in the early
postnatal period.

Ferradal et al.,
2019

auditory/language functions (Poh et al., 2015). However, functional
connectivity remains biased toward primary sensory systems, with
weaker structure-function overlap in higher-order association regions
(Ferradal et al., 2019). Structure-function correspondence therefore
appears graded across hierarchical levels rather than uniform across the
cortex.

Temporal dynamics reinforce this interpretation while also compli-
cating it. Neonatal sensorimotor regions exhibit prolonged intrinsic
timescales relative to adults (Truzzi and Cusack, 2023), suggesting
slower temporal integration. Such extended processing windows may
reflect functional adaptation to incomplete myelination, where slower
conduction speeds necessitate broader integration periods. In this sense,
structural immaturity not only constrains functional coordination but
shapes the temporal strategies through which early networks operate. At
the same time, early functional activity including foetal oscillations may
also influence structural maturation, through activity-dependent mye-
lination. Structure and function are therefore unlikely to stand in a
simple precursor-outcome relationship, but rather in a bidirectional
interplay.

These findings underscore a developmental sequence in which
structure and function begin to couple gradually over time. Sensori-
motor systems show the strongest early alignment between anatomy and
function, supported by both local myelination and rich-club connectiv-
ity. Higher-order associative networks such as the DMN and FPN, by
contrast, rely on emerging but incomplete structural frameworks and
display more variable functional patterns. This gradient — from early
coherence in sensory systems to more delayed specialization in asso-
ciative networks - reflects a hierarchical developmental process.
Initially diffuse and overlapping, functional territories become increas-
ingly defined through the interplay of experience, structural maturation,
and synaptic refinement. Apparent inconsistencies in the literature may
reflect this regional heterochrony, methodological variation, and the
rapid structural transformations occurring even within the neonatal
window. Importantly, spatio-temporal noise may be essential for neural
development, rather than an incidental feature of it, helping the system
explore and refine emerging network configurations and identify the
most successful ones. When structure and function are simultaneously
changing, cross-sectional findings may capture different phases of a
shared developmental trajectory rather than fundamentally divergent
organizational principles.

These findings suggest that structure-function coupling in early life is
best understood as a gradual, bidirectional process rather than a fixed
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mapping from anatomy to function. While structural pathways constrain
the topology and temporal dynamics of emerging functional networks,
intrinsic functional connectivity also appear to bias where domain-
specific functions later emerge (Elman et al., 1996; Johnson, 2011).
Early established circuits link ventral visual regions with
category-relevant (face, place) inputs (Kamps et al., 2020), preferential
connectivity between the putative visual word form area and language
regions (Li et al., 2020), and premotor-parietal coupling within the tool
network (Wen et al., 2022). Rather than determining outcomes, early
connectivity patterns create a scaffold that makes certain regions more
receptive to certain types of information. This provides compelling ev-
idence that intrinsic connectivity precedes and potentially shapes the
development of domain-specific systems, revealing a fingerprint for
specialization that interacts with, but is not solely determined by,
postnatal experience — consistent with a neuroconstructivist view of
brain development (Elman et al., 1996; Mareschal et al., 2007). In this
context, early functional connectivity patterns can be interpreted as a
complementary scaffold that interacts with structural change and post-
natal experience to shape emerging specialization.

Taken together, the evidence does not support a unidirectional ac-
count in which structure simply precedes function, nor one in which
function independently sculpts structure. Instead, neonatal brain
development appears to reflect reciprocal co-construction. Structural
pathways constrain the topology and temporal dynamics of emerging
functional networks; functional activity, in turn, shapes microstructural
maturation through activity-dependent mechanisms.

3.3. Variability and stability of FC patterns across individuals

Despite the emergence of identifiable network patterns at the group
level, growing and converging evidence underscores both substantial
interindividual variability and the influence of biological and environ-
mental factors on functional brain organization from the earliest stages
of life (Taken together, these findings show that neonatal FC is both
organized and uniquely individualized, with variability arising from
intrinsic network properties, biological factors, and environmental in-
fluences including caregiving and socioeconomic context. This delicate
balance between stability and individuality likely scaffolds later neu-
rodevelopmental trajectories.

Table 8). Importantly, this variability is not random noise and
highlights the uniqueness of each infant’s functional connectome, even
during the neonatal period.

Early-developing networks (i.e. sensorimotor, visual, and auditory)
exhibit the highest consistency across, whereas higher-order networks
(particularly frontoparietal, attention, and default mode) constitute the
primary loci of early functional individuality (Derman et al., 2025;
Molloy and Saygin, 2022; Q. Wang et al., 2021; Y. Wang et al., 2021).
Variability between individuals tends to be more clearly expressed in
short- and medium-range connections, intermodular coupling patterns,
and association cortices that will later anchor executive and integrative
processing (Gao et al., 2022; Q. Wang et al., 2021; Y. Wang et al., 2021).
This early fingerprinting is especially evident within frontoparietal cir-
cuitry, a network that becomes central to connectome-based identifi-
cation in later development and intensifies with age (D. Hu et al., 2022).
Even before these networks reach adult-like segregation, they reliably
encode individual-specific signatures, suggesting that individuality
emerges in parallel with, rather than subsequent to, large-scale network
development.

Factors such as sex and birth characteristics modulate this emerging
landscape from the outset. Sex-related differences in both connectivity
patterns and spectral dynamics suggest early divergence in network
organization and inhibitory-excitatory balance (Thordstein et al., 2006;
Q. Wang et al., 2021). However, sex differences may be age-dependent,
with more stable differences emerging in the right inferior temporal
gyrus and left middle temporal gyrus across time and predicting sub-
sequent behavioral scores of language, executive function, and
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Table 8
Key findings on early variability.

Topic Study

Key Findings

Individual uniqueness
especially in higher-
order regions

Q. Wang
et al., 2021

D. Hu et al.,
2022

Gao et al.,
2022

Molloy and
Saygin, 2022

Kelsey et al.,
2021

Biological influences Fenske et al.,

2023

Thordstein
et al., 2006)

Deoni et al.,
2019

Runnova

et al., 2023
Caregiving and Hanford
socioeconomic et al., 2018
environment

Neonatal connectomes exhibit
individually distinctive signatures,
particularly in short- and medium-range
connections and higher-order regions
(prefrontal, parietal-temporal).
Uniqueness present both intra- and
intermodular. Intramodular consistency
highest in prefrontal, parietal,
sensorimotor, auditory, and visual
modules. Intermodular variability
prominent between
temporoparietal-sensorimotor/auditory
and temporal-sensorimotor systems.
Short-/middle-range connections more
distinctive than long-range (>60 mm).
Age- and sex-related modulation
observed in sensorimotor, auditory, and
frontal internetwork connectivity.
Higher-order cortices consistently
capture individual characteristics at
different ages.

Frontoparietal network already most
distinctive in early infancy, paralleling its
role in adult functional connectome
fingerprinting.

Highest local variability in occipital,
temporal, prefrontal, and parietal
cortices; variability increases with age.
Lowest cross-subject overlap in ventral
attention network; highest overlap in
somatosensory/motor cortex and medial
temporal lobe, supporting greater
variability in later-developing networks.
Functional connectivity at 1 month
predicts temperament. Frontoparietal
connectivity positively associated with
regulation and orienting; default mode
connectivity negatively associated;
homologous interhemispheric
connectivity positively associated with
negative affect. Long-range fronto-
parietal-temporal connectivity varies
systematically across infants.
Age-dependent sex differences in
connectivity: early divergence in left
inferior parietal/frontal and right
occipitotemporal regions; more stable
differences in right inferior temporal and
left middle temporal gyri. Connectivity
differences associated with later
language, executive function, and
intelligence outcomes.

Sex-specific spectral profiles: males show
greater slow (0-0.5 Hz) oscillations
during sleep; females show greater
higher-frequency (0.5-30 Hz) activity,
suggesting early differences in
inhibitory—excitatory balance.
Caesarean delivery associated with
reduced white matter integrity, weaker
DMN connectivity, and lower
myelination in early life; crucially, the
effects appear transient and do not persist
across development.

Birth weight linked to differences in low-
frequency oscillatory pattern number and
duration.

Maternal mental state talk (mother’s
capacity to understand and attribute
mental states to her infant) moderates the
relationship between infant positive
emotionality and network segregation in
prefrontal and occipital regions at 3
months; suggesting a specific role of
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Table 8 (continued)

Topic Study Key Findings
sensitive caregiving in shaping functional
topology in prefrontal and visual
processing networks
Turesky Socioeconomic adversity associated with

et al., 2019 altered amygdala-precuneus
connectivity at 2 months; prenatal family
conflict explains additional variance
beyond income, indicating early
sensitivity of limbic-association circuits

to psychosocial stress.

intelligence (Fenske et al., 2023). Birth-related factors (including
gestational timing, delivery mode, and birth weight) modulate early
network organization, influencing white matter integrity, default-mode
connectivity, and oscillatory dynamics, although some effects appear
transient (Deoni et al., 2019; Runnova et al., 2023). Crucially, these
influences likely recalibrate starting points rather than impose fixed
trajectories, as testified by their transitionary nature.

Beyond intrinsic biological factors, early environmental context
contributes to the shaping of functional individuality. Variations in
caregiving behavior and socioeconomic conditions are associated with
differences in segregation and limbic-association connectivity within the
first months of life, underscoring the sensitivity of higher-order net-
works to psychosocial input (Hanford et al., 2018; Turesky et al., 2019),
amplifying or dampening specific connectivity patterns during a period
of heightened plasticity. Notably, early differences in large-scale con-
nectivity already map onto emerging temperament and regulatory ca-
pacities, indicating that functional variability carries behavioral
significance from the beginning of postnatal life (Kelsey et al., 2021).

Taken together, these findings show that neonatal FC is both orga-
nized and uniquely individualized, with variability arising from intrinsic
network properties, biological factors, and environmental influences
including caregiving and socioeconomic context. This delicate balance
between stability and individuality likely scaffolds later neuro-
developmental trajectories.

3.4. Potential influences on functional connectivity

Early individual differences in the functional brain networks un-
derlie interindividual variability in cognition, emotion and behavior
across development. Investigating genetic and environmental factors
shaping connectivity within and between networks is essential to better
understand brain development. Initial evidence from a twin study
comparing monozygotic and dizygotic twins, suggests that genetic fac-
tors are likely to play a minor role in explaining individual variation in
early brain connectivity, while demographic and environmental vari-
ables may crucially influence connectivity measures (Blanchett et al.,
2023). While more studies with larger samples are needed to map the
heritability of brain connectivity within a longitudinal perspective, early
environmental factors influencing brain development have started to
become more studied, with particular attention to topography aspects of
the developing brain.

Neonatal functional connectivity emerges within a biologically
structured yet highly variable environment that is sensitive to affective,
neurochemical, metabolic, and state-dependent influences. Evidence
(Table 9) can be attributed to four main environmental factors,
including maternal mental health, substances exposure, maternal over-
weight and sleep. Across domains, findings indicate that higher-order
associative and corticolimbic networks (particularly fronto-amygdala
circuits and large-scale systems such as the salience, frontoparietal,
and default mode networks) are particularly vulnerable to prenatal
perturbations, whereas primary sensory systems appear comparatively
resilient (Rajasilta et al., 2023a; Salzwedel et al., 2020; Scheinost et al.,
2024). Maternal depression, anxiety, and stress recalibrate the balance
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Table 9
Key findings on potential influences on functional connectivity.

Topic Key Findings

Maternal mental health (i.e. .
stress, anxiety, depression)

Altered corticolimbic connectivity, particularly
amygdala—prefrontal coupling, reflecting
imbalance between bottom-up limbic drive and
top-down regulation (Hill et al., 2025; Posner
etal., 2016; Rajasilta et al., 2023b; Thomas et al.,
2019), with some evidence pointing to alter-
ations in subcortical connectivity (amygdala and
thalamus) itself (Hill et al., 2025).

Remarkable vulnerability of higher-order net-
works (SN, FPN, DMN) and long-range as well as
inter-network connectivity (Rajasilta et al.,
2023b; Scheinost et al., 2024; Wang et al., 2022).
Third trimester emerges as a critical window for
frontal and associative connectivity alterations
(Na et al., 2023; Wang et al., 2022), with effects
emerging prenatally and strengthening
neonatally (Scheinost et al., 2024).
Neuroendocrine mediation and sex-dependent
effects, with maternal cortisol modulates
neonatal amygdala connectivity in a sex-
dependent manner; fetal cortisol mediates links

between maternal depression and infant social/
autonomic outcomes (Graham et al., 2019; Wang
et al., 2022).

Contextual modulation: social support buffers
connectivity alterations (Manning et al., 2022);
maternal interaction styles may shape how
maternal depression affects the developing
neonate’s brain, producing distinct
neurobehavioural patterns (Diego et al., 2006)
intergenerational transmission via maternal
early-life adversity (Hendrix et al., 2021).

SSRI exposure associated with regional
hyperconnectivity (auditory, basal ganglia,
insula) and altered hub organization; some
connectivity patterns predict later orienting and
socio-emotional behaviors (Rotem-Kohavi, Wil-
liams, Muller, et al., 2019; Rotem-Kohavi, Wil-
liams, Virji-Babul, et al., 2019).

Contextual factors moderate or buffer prenatal
effects, complicating interpretation factors

(social support buffers connectivity alterations,
Manning et al., 2022; intergenerational
transmission via maternal early-life adversity,
Hendrix et al., 2021).

Preferential disruption of higher-order and long-
distance inter-network connectivity (Jiang et al.,
2022; Salzwedel et al., 2020).

Corticolimbic and reward-network alterations
across opioids, cocaine, and polysubstance
exposure (Jiang et al., 2022; Salzwedel et al.,
2020).

Neurotransmitter-specific signatures
(dopaminergic, opioid, endocannabinoid
systems) (Grewen et al., 2015; Liu et al., 2022).
Considerable overlap between drug-specific and
drug-common effects: Opioid prenatal exposure:
altered long-distance inter-network (visual,
subcortical, DMN); disrupted thalamo-cortical
(Jiang et al., 2022; Merhar et al., 2021; Radhak-
rishnan et al., 2022). Cocaine prenatal exposure:
disrupts amygdala-PFC inhibitory coupling and
alters thalamo-frontal; connectivity changes
relate to early motor and cognitive outcomes (A.
P. Salzwedel et al., 2015b, 2016). Marijuana
prenatal exposure: reduces caudate—cerebellar
and caudate—occipital FC, potentially underlying
motor, visual-spatial, and socio-emotional defi-
cits (Grewen et al., 2015).

Medication-assisted treatment partially
normalizes limbic/integration networks but

Substance exposure

residual corticolimbic alterations persist (Liu
et al., 2022), suggests partial reversibility rather
than fixed disruption.
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Table 9 (continued)

Topic Key Findings

Maternal overweight e Altered connectivity in reward, cognitive control,
sensory, and motor networks (Li et al., 2016;
Rajasilta et al., 2021; Salzwedel et al., 2019).
Reward-related alterations include superior
temporal-putamen hyperconnectivity and cau-
date-orbitofrontal hypoconnectivity (A. P. Sal-
zwedel et al., 2019). Cognitive control network
alterations: hyperconnectivity in lateral/orbital
PFC; hypo-connectivity in dorsal anterior cingu-
late cortex (Li et al., 2016; Rajasilta et al., 2021).
Distal FC alterations in insula, basal ganglia,
amygdala, ventral striatum, and superior frontal
gyrus (Rajasilta et al., 2021).

Connectivity alterations correlate with neonatal
adiposity, suggesting metabolic programming
(Salzwedel et al., 2019).

REM/Active Sleep (AS) and NREM/Quiet Sleep
(QS) show distinct oscillatory and connectivity

Sleep

profiles (REM/Active Sleep supports long-range
interhemispheric integration; NREM/Quiet Sleep
supports local thalamo-cortical synchronization)
supporting complementary aspects of network
development (D.K. Hu et al., 2022; Khazaei et al.,
2021; Kiselev et al., 2022; Tokariev et al., 2016;
Zhang et al., 2009).

AS characterized by mixed-frequency activity
and stronger long-range interhemispheric con-
nectivity; QS associated with burst-interburst
dynamics, stronger local short-range connectiv-
ity, and nonlinear interdependence (Lee et al.,
2020; Pereda et al., 2003; Schwab et al., 2004;
Uchitel et al., 2023; Witte et al., 1997).

Across early infancy, developmental changes
more pronounced in network strength than
topology, possibly reflecting progressive
myelination (D.K. Hu et al., 2022).

between bottom-up amygdala signalling and top-down prefrontal
regulation, altering excitatory influences within dorsal and ventral
prefrontal regions and shaping early fear- and sadness-related trajec-
tories (Posner et al., 2016, p. 20; Thomas et al., 2019). These effects are
partly mediated by foetal cortisol exposure and exhibit sex-dependent
patterns of amygdala connectivity, underscoring neuroendocrine pro-
gramming as a key biological pathway (Graham et al., 2019; Wang et al.,
2022). It must be noted however that the directionality of these effects
varies, with both increased and decreased fronto-limbic connectivity
reported across studies and encompassing different portions of frontal
cortex, some appearing regional rather than global, and there is uncer-
tainty in the literature as to whether they persist longitudinally. A
possible confound may be the continuity and timing of exposure to such
prenatal factors. Indeed, sensitive windows (such as the third trimester
of pregnancy for depression) indicate temporally specific vulnerability
of long-range frontal and associative cortex connectivity (Na et al.,
2023). This vulnerability was found even in absence of clinically sig-
nificant depression (Na et al., 2023) or anxiety (Hill et al., 2025), sug-
gesting that even subclinical levels of mental health difficulty during
pregnancy can contribute to variability in neonatal FC. Importantly,
social support has been shown to buffer the negative consequences of
prenatal maternal depressive and anxiety symptoms (Manning et al.,
2022), which might otherwise exert their influences through distinct
interaction patterns (Diego et al., 2006) or intergenerational trans-
mission (Hendrix et al., 2021).

Substance exposure introduces additional receptor-level and
neurotransmitter-specific perturbations. Even legal substances,
including SSRIs and nicotine, can be associated with alterations in infant
hub configuration and auditory or limbic network connectivity
(Rotem-Kohavi, Williams, Muller, et al., 2019; Rotem-Kohavi, Williams,
Virji-Babul, et al., 2019; Salzwedel et al., 2020). Opioids alter
reward-related and thalamo-cortical networks in neonates and
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disproportionately disrupt long-distance inter-network connectivity,
with links to neonatal withdrawal phenotypes (Jiang et al., 2022; Rad-
hakrishnan et al., 2022). Cocaine-related dopaminergic amplification
interferes with amygdala-prefrontal inhibitory coupling (Salzwedel
et al, 2015a), while prenatal cannabis exposure affects
striatal-cerebellar and visual connectivity (Grewen et al., 2015).
Importantly, the frequent co-occurrence of polysubstance exposure and
socioeconomic risk complicate causal interpretation, making it difficult
to attribute specific connectivity changes to any single factor.

Parallel neurobiological pathways are implicated in maternal over-
weight and obesity, where altered reward, cognitive control, and sen-
sory circuits in the neonate resemble adult obesity-related network
signatures and correlate with neonatal adiposity, suggesting early-life
metabolic programming of functional architecture (Li et al., 2016;
Rajasilta et al., 2021; Salzwedel et al., 2019). However, it remains un-
clear whether alterations reflect metabolic, inflammatory, genetic, or
shared lifestyle influences.

Importantly, during the neonatal period, sleep occupies much of the
infant’s time. Therefore, the influences discussed above unfold within
the dynamic physiological framework of neonatal sleep, which itself
plays a crucial role in the functional reorganization of networks and
long-range connections (Khazaei et al., 2021). Neonatal sleep alternates
between REM (active sleep, AS, characterised by frequent rapid eye
movements under the lids, small movements like limb twitches, irreg-
ular autonomic activity) and NREM (quiet sleep, QS, characterised by
absence of rapid eye movements, very little body movement and relaxed
posture, regular breathing), which exhibit distinct patterns of neural
activity and oscillatory dynamics that support different aspects of early
network development (D.K. Hu et al., 2022; Khazaei et al., 2021). Active
sleep promotes long-range interhemispheric integration, whereas quiet
sleep supports local thalamo-cortical synchronization and
burst-mediated refinement (Lee et al., 2020; Tokariev et al., 2016). A
core limitation found in sleep-related studies stems from methodological
constrains. Most evidence is derived from EEG-based metrics rather than
fMRI, complicating integration with a predominantly fMRI literature,
which in turns often lacks direct measures of sleep states. Indeed, while
most studies reviewed report participants to be asleep (out of n = 103
studies: n = 92 asleep, n = 7 both asleep and awake; n = 4 awake), only
a few determined sleep states (n =18, of which n=4/11 fNIRS,
n =5/73 fMRI; n = 9/19 EEG). In EEG research, state-dependent find-
ings might further vary across analytic methods, limiting direct
comparability. For example, phase-phase, amplitude-amplitude, and
phase-amplitude coupling reflect maturation of intracortical and
thalamo-cortical circuits (Schwab et al., 2004; Tokariev et al., 2016),
while sample entropy differentiates AS and QS and tracks maturation;
AS shows higher complexity than QS (Zhang et al., 2009). Overall, it
remains a key challenge to distinguish developmental change from
transient state effects that might be impacted by sleep states.

Taken together, different prenatal and early-life factors converge on
a limited set of pathways: modulation of corticolimbic excitator-
y-inhibitory balance, alteration of long-range associative connectivity,
receptor-specific neurochemical interference, metabolic-inflammatory
programming, and state-dependent refinement during sleep. Develop-
mental changes during early infancy appear to reflect strengthening and
recalibration of existing networks, potentially linked to progressive
myelination (D.K. Hu et al., 2022). Rather than producing diffuse
changes, these influences preferentially target integrative hubs and
long-distance connections, suggesting that the neonatal connectome is
organized around a relatively robust early-developing sensorimotor
core, and a more environmentally sensitive associative periphery.

4. Discussion
Our review demonstrates that there is a remarkable degree of spec-

ificity in the functions of the neonate brain, with consistent evidence
pointing to early-developing sensorimotor networks and subcortical
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regions playing a pivotal role in the immediate postnatal period.
Sensorimotor networks emerge reliably as functional hubs, and
subcortical regions such as the thalamus, basal ganglia, and brainstem
provide integrative scaffolding that supports coordinated activity across
distant cortical regions, even before full myelination of white matter
pathways. Indeed, supplementary motor area, insula, and somatosen-
sory cortex nodes overlap with rich-club nodes, supporting cross-
network integration in a connectome, albeit with blurred network
boundaries. These sustain small-world network architecture, promote
global efficiency, and act as early pacemakers guiding the organization
of emerging cortical networks. Crucially, several studies showed that
limbic and thalamic regions are coupled with primary sensory cortices,
forming a subcortical-cortical functional module, and suggesting that
emotional processing is more tightly coupled to sensorimotor systems
than to higher-order cortical regulation. This is unique to the first
postnatal months. Indeed, as the ‘fourth trimester’ goes by separable
subcortical and cortical modules emerge from what is initially a more
unified organisation, and as development progresses during and beyond
infancy emotional processing will be increasingly regulated by distrib-
uted frontoparietal and medial prefrontal systems. Notably, the
robustness of sensorimotor and subcortical dominance during these
early months is supported by converging findings across different
analytical approaches (i.e. seed/ROI-based and graph/network-based).
Rather than a developmental transition to greater organisation, such
findings may be more consistent with a change in types of whole-brain
organisation. Such specificity of early functional organisation is perhaps
surprising when viewed in the context of human motor and cognitive
development being so protracted, and the human infant so helpless and
dependent on parental care for many years. Cusack et al. (2024) propose
that the prolonged period of helplessness allows for the formation of
stable and robust ‘foundational mental representations’ — defined as
broad, general-purpose internal models that infants build during early
experience to support later flexible cognition. A period of months when
multi-modal sensory information can be processed and absorbed to form
foundational representations then allows the brain to subsequently ac-
quire and process more detailed information through self-supervised
learning. Like in some types of machine learning, foundational repre-
sentations anchor subsequent learning to allow better generalisation to
types of data with greater accuracy and speed. By temporarily con-
straining behavioral independence, human brain development may
trade short-term helplessness for longer-term computational flexibility
and cognitive power.

Yet, despite this apparent helplessness, newborns are far from pas-
sive recipients of sensory input. From birth, they actively sample in-
formation from their surroundings that structure early experience in
ways that optimise learning and influence functional brain develop-
ment. This active sampling can be interpreted within the framework of
Interactive Specialization (IS) (Johnson, 2011), which posits that func-
tional brain development emerges through dynamic, activity-dependent
interactions among neural systems. Importantly, these interactions
extend beyond cortico-cortical networks to include subcortical-cortical
circuits that may provide critical scaffolding for cortical specialization.
One example that illustrates this principle is that of early face process-
ing. Newborns will preferentially track and attend to face-like stimuli,
potentially due to a subcortical orienting pathway that biases infants
towards looking at face-like stimuli, while a cortically-mediated expe-
rience-dependent system increasingly supports face processing and be-
haviors from around 2 months of age (Johnson et al., 1991). This early
bias acts as an active mechanism for scaffolding cortical specialization:
initial activation of subcortical pathways (e.g., superior colliculus and
pulvinar) drives recurrent interactions with emerging cortical
face-processing networks, enabling activity-dependent tuning of occip-
ital and temporal cortices. Over time, these cortico-subcortical ex-
changes refine cortical representations to gradually support adult-like
face perception, reflecting a gradual shift in relative weighting from
subcortical to cortical systems, rather than a sharp transition (Johnson
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et al., 2015). Motor reflexes provide another form of early functional
scaffolding. Touching a newborn’s palm elicits an automatic grasp
mediated by spinal and brainstem circuits (Marques De Moraes et al.,
2017). From an IS perspective, reflexive actions generate recurrent
sensory feedback that strengthens subcortical-cortical communication.
While some of these subcortically mediated reflexes disappear after the
first few months of life, their transient presence may scaffold the
emergence of voluntary, predictive grasp control by fine tuning cortical
motor circuits through repeated experience-dependent co-activation of
sensory and motor pathways. Early sensorimotor biases thus constrain
and channel experience, providing structured opportunities for subcor-
tical and cortical networks to engage in the competitive and cooperative
dynamics that drive the emergence of functional specialization
(Johnson, 2011).

Task-free activity patterns in early life are not random fluctuations
but display organized spatiotemporal structure, including modular
segregation and low-frequency coherence across distant regions. One
hypothesis is that such activity provides intrinsic “pre-training,” estab-
lishing priors for future experience-dependent learning. Spontaneous
activity may act analogously to unsupervised phases in generative
neural networks, during which the system learns statistical regularities
prior to explicit task exposure. For example, default-mode network ac-
tivity may integrate self-related and sensory information, preparing the
brain for social and goal-directed processing once task contexts emerge.
While our review focuses on task-free connectivity, future work should
examine how these intrinsic networks relate to task-active processing,
and to what extent they reflect intrinsic organizing signals versus av-
erages of prior experience, particularly in neonates with minimal envi-
ronmental exposure.

Such reflections raise important questions about hierarchical drivers
of connectivity. Are subcortical systems orchestrating cortical organi-
sation, or do cortical-cortical interactions dominate from the outset?
Evidence for early thalamocortical and subcortical-cortical connectivity
suggests that subcortical hubs act as pacemakers, providing temporal
structure for the coalescence of higher-order cortical networks. As
cortical association areas develop and interhemispheric integration
strengthens, hub centrality gradually shifts from sensorimotor and
subcortical regions to parietal and frontal cortices. Understanding the
energetic underpinnings of this reorganization offers further insights.
Cortical hemodynamics undergo marked transitions during early in-
fancy, reflecting changes in oxygen metabolism and neurovascular
coupling. Generative models of brain development conceptualize the
connectome as evolving through a balance between cost minimization
and topological efficiency (Astle et al., 2023; Mousley et al., 2025):
subcortical regions may initially dominate behavior because of their
energetic efficiency, with cortical expansion progressively optimizing
integration and segregation in support developing cognitive functions.
Subcortical systems may serve a dual role early in development, acting
both as energetically efficient network components and modulators of
cortical metabolic demand via ascending projections that regulate
cortical excitability. When cortical processing is metabolically costly
and connectivity still developing, subcortical hubs may gate the
recruitment of distributed cortical assemblies, explaining their early
dominance before cortical-cortical interactions assume greater control.

Another long-standing issue in developmental neuroscience targeted
in our review is whether emerging brain functions are constrained or
guided by preceding anatomical changes or, alternatively, whether the
refinement of structure is influenced by neural activity. Spontaneous
electrical activity, including patterns resembling human brain waves,
arises even in early-stage ‘mini-brains’ (brain organoids) derived from
stem cells (Lavazza, 2020), and has been demonstrated to be key for the
organisation of retinal cells (Shatz, 1990) prenatally. Previously, we
have speculated that resting state networks through their repeated ac-
tivity may consolidate and refine brain structural connectivity (Johnson,
2011), and even the myelinisation of brain pathways is known to reflect
their activity patterns (Bonetto et al., 2021). We cannot, therefore, just
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assume that structure precedes function — at least when this function is
spontaneous intrinsic activity. Several studies in our review show
alignment of structure and function, making the point that expansion of
functional networks to their adult extent requires preceding myelinisa-
tion of pathways (Wu et al., 2024; Yu et al., 2014). However, it is likely
that structure and function are mutually constraining. By analogy,
flowing water will initially follow the contours of a landscape in a pre-
dictable way, but with time the movement of water will come to carve
out a valley and river-bed and banks. Outstanding questions here
include how changes in brain structure during gestation and early
postnatal life associate with gene expression patterns (Ball et al., 2020).

While converging evidence concerns early developing sensorimotor
and subcortical networks, the identification and topographical repre-
sentation of higher-order networks (DMN, FPN, SN) remains inconsis-
tent across studies, with some reporting diffuse frontoparietal networks
and others identifying discrete cortical hubs. This highlights possible
methodological inflection points: analytic decisions, resolution of par-
cellation, and inclusion of individual differences may shape conclusions
about network integration and segregation, particularly for higher-order
networks. For example, ROI-based analyses may yield different results
depending on whether parcellation is coarse or fine-grained. A detailed
methodological discussion is beyond the scope of the present review, but
future studies should systematically investigate if and how analytic
decisions influence results. Another potential source of inconsistency
comes from sleep. Although most neonatal imaging reviewed is reported
to occur during natural sleep, sleep stage is rarely monitored. As some
evidence exists that REM and NREM states differentially shape long-
range versus local functional connectivity, it is plausible that anterior,
higher-order networks may be particularly sensitive to sleep-related
modulation. On the development of higher-order networks, a recent
review from Baptista et al. (2026) focusing on DMN changes across the
lifespan indicates that it emerges during the first two years postnatal in a
fragmented and metabolically demanding form, remaining more frag-
mented than in adults across the first years of life, although
within-network connectivity strengthens and increasingly consolidates.
However, anticorrelation between DMN, FPN and DAN indicative of
segregation are not observed until later childhood, suggesting a lack of
inter-network segregation of higher-order systems continuing for a
broader time window (Baptista et al., 2026). This broader trajectory
suggests that some of the variability observed in the neonatal period
may reflect genuine developmental change rather than purely method-
ological discrepancies, and, based on our results, might be associated
with individual differences. Although the review focuses primarily on
infancy rather than the neonatal period, it provides useful context for
interpreting early variability. Beyond consistent and inconsistent find-
ings on group-level organisation, our review highlights a nascent but
growing literature that takes and individual differences approach to
functional connectivity. Whereas early-developing sensorimotor sys-
tems show high cross-subject consistency, higher-order networks appear
to constitute primary loci of early functional individuality. Distinctive
connectivity patterns are detectable even in short- and medium-range
connections and are shaped by biological factors (e.g., gestational age,
sex, birth characteristics) as well as environmental influences (e.g.,
caregiving context, socioeconomic conditions, prenatal exposures).
Thus, the neonatal connectome is characterized by a relatively stable
sensorimotor  backbone alongside a more variable and
experience-sensitive associative periphery, reflecting that interindi-
vidual variability is an intrinsic feature of early higher-order network
development.

Our review focused on the first 100 days postnatally, providing a
snapshot of a critical phase in human brain development. Existing
studies differ substantially in their age span resolution: some sample
across broad developmental windows, while others focus on more spe-
cific age points. This variability prevents us from drawing precise con-
clusions about age-specific timelines or critical inflection points. In other
words, while we can describe general trends across the ‘fourth trimester’
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period, we cannot specify exact age points to the resolution of weeks or
days. Therefore, future priorities include fine-grained developmental
sampling to capture rapid changes and map their interindividual vari-
ability. This is especially crucial for higher-order networks, which were
found to be highly variable. Understanding what drives individual
variability through the investigation of both nature (i.e. genetics) and
nurture (i.e. infant-environment interactions) will be essential for
mapping functional specialization and predicting later cognitive and
socio-emotional outcomes.

A limitation of our review is that by focusing exclusively on the
fourth trimester, we are unable to examine hypotheses about develop-
mental changes on the scale of months or years (Johnson, 2011). For
example, studies reviewed above suggest increased functional segrega-
tion during the early postnatal period; however, studies across the first
1000 days reveal a non-linear U-shaped trajectory, reflecting alternating
phases of network consolidation and reintegration necessary for com-
plex cognition (Bian et al., 2025; Li et al., 2024; Yin et al., 2025). Pre-
vious work has contextualized neonatal findings within broader
developmental trajectories, demonstrating that early FC has predictive
relevance for later outcomes. Large-scale developmental charts derived
from over 1000 MRI scans spanning birth to six years show that de-
viations from typical connectivity trajectories in primary, default, con-
trol, and attention networks are associated with later cognitive
performance (Yin et al., 2025). Similarly, neonatal connectome patterns
have been linked to cognitive and language outcomes at 1.5 years (Li
et al., 2024), highlighting the lasting influence of early network orga-
nization. More specifically, theta-band connectivity in frontal regions
during the neonatal period predicts cognitive performance at two years,
reflecting the role of theta oscillations in long-range communication and
attentional control (Begus and Bonawitz, 2020; Chirumamilla, Hitch-
ings, et al., 2024). Connectivity across multiple frequency bands, pre-
dominantly in left-hemisphere networks, has been associated with
language outcomes, while theta, alpha, and gamma oscillations in
frontal, temporal, and occipital regions correlate with motor and
socio-emotional abilities (Chirumamilla, Hitchings, et al., 2024).
Regarding socio-emotional development, within- and between-network
connectivity of the DMN and the salience network (SN) have been linked
to infant social engagement. Greater within-network connectivity in
both DMN and SN at three months, along with stronger anticorrelation
between these networks, predicted more flexible infant-mother in-
teractions at six months during the still-face paradigm (Li et al., 2023).
This suggests that the development of social behavior relies on the in-
fant’s capacity to integrate internal state monitoring (DMN activation),
perception of external cues (SN activation), and adaptive disengagement
in response to environmental demands (DMN-SN anticorrelation). These
findings underscore the notion that neonatal functional connectivity
constitutes a foundational substrate for later social, cognitive, and af-
fective development.

Future longitudinal studies that integrate multimodal imaging,
behavioral assessment, and environmental measures will be essential to
understand how early connectome profiles translate into developmental
phenotypes. Importantly, recent years have also seen the development
of increasingly fine-grained, neonatal-specific parcellation schemes,
which allow more anatomically and developmentally appropriate
mapping of early functional organization. For many years, neonatal
analyses relied on adaptations of adult or older-child atlases, which may
have failed to account for age-specific differences. The availability of
neonatal-tailored templates and parcellations (Adamson et al., 2020;
Myers et al., 2024; Tuulari et al., 2025), together with advances in im-
aging technology, now enables more precise characterization of early
network architecture. Integrative approaches that combine structural,
functional, metabolic, and computational modelling perspectives hold
promise for elucidating how intrinsic activity, energetic constraints, and
environmental context collectively shape the adaptive human brain.
Methodological advances such as connectome fingerprinting (Zhang
et al., 2024) approaches further provide a powerful framework for
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quantifying individual variability, shifting the field from describing an
average neonatal brain toward understanding stable and meaningful
interindividual differences. Unique signature displayed in individual
connectomes are shaped by both infant-related (i.e. age, sex, sleep) and
context related (i.e. maternal mental health, substance exposure) fac-
tors, representing early neural substrates of phenotypic diversity.
Early-life experiences thus play a critical role in shaping both risk and
resilience, highlighting the malleability of the neonatal connectome and
its sensitivity to environmental modulation. Novel imaging technolo-
gies, such as ultralow-field MRI allow us to increase global representa-
tiveness of samples (Y. Liu et al., 2021) and at the same time 7 T fMRI
enable the investigation of cortical-layer-specific (Deshpande and Wang,
2022) development, offering promising avenues for future research. A
key advantage of fMRI is its high spatial resolution, but this often comes
at substantial economic and logistical cost. In the last few years, there
has been an exponential progress of portable, non-invasive fNIRS-based
approaches such as HD-DOT, which is allowing researchers to test in-
fants in home environments (Clackson et al., 2025; Mian et al., 2025) as
well as at the cot-side in hospital settings (Faure et al., 2026; Uchitel
et al., 2023), providing spatial resolution broadly comparable to fMRI
(Eggebrecht et al., 2012) while increasing accessibility and representa-
tiveness of developmental samples.

In conclusion, the study of neonatal functional connectivity provides
a unique window into the earliest stages of human brain organization.
The collective evidence indicates that the neonatal brain is far from an
unstructured system: it already displays coherent, differentiated net-
works whose patterns both reflect and shape subsequent development.
Rather than a simple sequence in which structure precedes function, the
two appear to co-evolve through continuous reciprocal interaction.
Subcortical systems likely drive the early coordination of cortical net-
works, while spontaneous task-free activity provides the internal scaf-
folding for future learning. These early dynamics, modulated by infant-
related and context-related influences, forecast later cognitive and
socio-emotional outcomes.

Understanding these principles moves the field beyond a static
description of neonatal brain connectivity toward a dynamic perspec-
tive, in which neural function, structure, and experience are intertwined
from the outset. Continued integration of longitudinal multimodal data
and computational theory will be essential for capturing how founda-
tional representations are established and transformed across develop-
ment. Ultimately, such work promises not only to clarify the neural
origins of human cognition but also to inform early identification and
intervention strategies that support optimal developmental trajectories.
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