The neurodevelopmental underpinnings
of children’s learning: connectivity is key
The structure and function of the brain is continuously molded
throughout the lifespan by mechanisms both external and internal to the
individual. Learning is a powerful driver of neurobiological change, and
is implemented through modification of connectivity within emergent
neural networks. Neural systems perspectives of the brain are beginning
to shed light on how typical and atypical learning manifest through
development.
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Executive summary

Continuous adaptation of the functional and structural connections within and between neural networks provides a
primary mechanism of neuroplasticity within the brain.
Connectivity provides the basis for both short- and long-range inter-cellular communication.
Connectivity is a lifelong neurodevelopmental process, and provides a key neurophysiological mechanism of learning.
Variability from the typical patterns of brain connectivity through development and resulting from learning, provide new
windows into understanding learning disabilities.

Brain connectivity is a primary mechanism of neuroplasticity
Neurons are the basic functional unit of the brain, providing the electro-chemical signalling that serves as the main currency
of information. Individual neurons can be thought of as rather simple biological batteries, each maintaining a gradient of
biochemical ions across its cell membrane, which results in a small, local electrical charge – or potential (Figure 1, left panel).
The right panel of Figure 1 shows the main components of a prototypical neuron. Incoming signals from neighbouring brain
cells are communicated to the neuron’s dendrites and act to continuously modify the magnitude of the neuron’s electrical
charge. When the sum of signals from other neurons drives the electrical gradient to and then past a critical voltage, an
electrical signal – the action potential – is generated and propagated along the neuron’s axon. This signal ultimately
modulates the activity of other neurons to which it connects. This process of synaptic transmission comprises the release of
neurotransmitter chemicals at the junction between two cells – the synapse. Neurotransmitters released in response to the
action potential in the pre-synaptic cell bind to receptors on the dendrites of the post-synaptic cell. The effects of such
neurotransmitter binding serve to modify the electrical potential in the cell, either exciting it toward generating an action
potential, or inhibiting it from doing so.
Of course, this electrochemical process for deriving and propagating neural signals in individual cells within the brain, actually
takes place on a massive scale. An individual neuron- for which there are upwards from approximately 85 billion in a single
human brain[1], may interact through synapses with up to 15,000 others, providing the basis of networks for neuronal
communication on an enormous scale. Neurons rarely function in isolation, therefore. Instead, they adapt both their structure
and function in near continuous fashion in response to both their local environment within the brain and to the outside world.
This neuroplasticity acts to maximise the efficiency and fidelity with which neural networks can respond to and transmit
information. Cognition – our thinking, reasoning and learning processes – are derived from activity in neural networks within
the brain, on a spatial scale that is intermediate between that which is highly localised within discrete and specific brain
regions and that which is highly diffuse and distributed across the entire volume of the brain[2]. These spatial properties,
through which a balance between local and more global processing of information is achieved, provide an organisational
hierarchy that enables the component neural systems that underlie our ability to think, reason, and to choose relevant
behavioral responses, to be both functionally integrated and differentiated.

Figure 1. Left panel. Cross section of a prototypical membrane of a neuron. The intracellular environment with high
potassium (K+) and organic anions (A-) is actively maintained by a sodium/potassium (NA+) pump (bidirectional arrows)
which facilitates ion exchange across the cell membrane. This ion exchange results in a small negative charge that is
maintained across the membrane, as its default (resting) state. Right panel. A simple neural network comprising two
prototypical neurons, highlighting four main structural features that characterise all nerve cells: a cell body, or soma; an
axon terminating at synapses between the presynaptic (left) and post synaptic (right) cells, and a set of dendrites for
receiving incoming signals. Illustrations from reference [3] and made available through Creative Commons license (CC by
4.0).

Neurodevelopment: implementing neural connectivity
Neurodevelopment is a lifelong process, involving the modification of the structural and functional properties of the brain,
driven by both genetic and environmental influences and their interaction. Figure 2 shows the sequence of critical
neurodevelopmental stages across the lifespan, with links to observed patterns of data obtained with non-invasive
neuroimaging paradigms, used for the measurement and visualisation of brain structure and function.

Figure 2. The sequence of key neurodevelopmental events in the maturation of human brain structure (blue bars). Each bar
represents the typical timeframe over which a particular process is active, with darker shading marking time periods of peak
changes. Red bars indicate anatomical observations of these phenomena, as visualised with different neuroimaging
paradigms: fMRI, functional Magnetic Resonance imaging; DTI: Diffusion tensor imaging; EEG: electroencephalography. The
mechanisms that directly underlie the establishment of neural connectivity in the developing brain are particularly active in
the early to mid-childhood and which parallel the particularly steep gains in learning potential observed for children during
this time period. Image from reference [4] available by permission through Creative Commons license (CC BY 3.0).

Early brain development in the human embryo is characterized by the massive increase in the number of neurons (and glial
cells) created through the process of neurogenesis. At its peak in prenatal gestation, this process produces on the order of
250,000 neurons per minute in the developing brain. Once they are produced, neurons adhere to the biological scaffolding
supplied by specialized glial cells and migrate to positions appropriate to their eventual function within the multilayered
structure of the brain. The next stage of brain development is characterized by ‘exuberant neuroplasticity’ – the
establishment of structural and functional connections with other cells to form information processing networks on a massive
scale. One of the most striking aspects of the post-natal neurodevelopmental period in early childhood is in this near
continuous refinement of neural connectivity, including both the strengthening of productive synapses and elimination of
those that are less robust or redundant (‘consolidation’ and ‘competitive elimination’ in Figure 2).
The development of connectivity for learning: ‘What fires together, wires together’.
Structural and functional connectivity provide mechanisms for implementing adaptation of the brain, in response to an
individual’s experience of the world. As children are born with nearly a full complement of brain cells, adaptation of responses
to environmental change- the underlying basis of learning for any organism- is accomplished mainly through modifying

neural connectivity. Connectivity increases in parallel with children’s advancement of their cognitive capacities and learning
achievement[5] (Figure 2, blue bars & Figure 3).

Figure 3. Estimates of the gains in expressive vocabulary in young childhood (see for e.g., refs
[6,7]). The rapid development in children’s vocabulary learning in early childhood parallels the
changes in functional connectivity in the brain.

Adapted from a theory first articulated by Donald Hebb in the 1940s[8], one well-supported principle regarding the
relationships between brain structure and function in the developing brain is ‘what fires together, wires together’. This quote
reflects a central tenet of a cellular basis for learning in the brain, namely that the repeated coincidence between electrochemical activity between two or more brain cells, strengthens and reinforces both the structural and functional relationship
between them. When reinforced through repetition (experience), this coupling increases the probability of their activity being
coincident in the future. This feedback process also works in reverse, such that connections that are not actively reinforced
can be eliminated through a competitive elimination process, which favours the survival of more functionally adaptive
networks at the expense of less efficient or redundant competitor networks through development (see Figure 2). These
mechanisms of synaptic plasticity are widely considered to be a predominant way through which information is coded and
retained in brain networks (see references[9,10] for reviews). Learning and memory (a cognitive demonstration of learning
through recall of material to which an individual has been exposed) is therefore both expressed in brain and related at the
neural level to modification of connectivity within neural networks in response to repeated patterns of environmental stimuli
and their associations.
Describing connectivity in the brain.
The scale of connectivity within the brain is of a scale so large that neuroscientists have adapted interdisciplinary methods
first developed in mathematics and the physical sciences to describe the spatial relationships (topologies) involved[11]. One
promising method for describing connectivity patterns in the brain – the ‘connectome’ – is to employ techniques previously
used for describing the efficiency of information processing in non-biological networks[12]. These models describe connectivity

patterns in networks of spatially distributed units (e.g., individuals or neurons), as shown in Figure 4.
By analogy, consider a graphical depiction of the relationships between family members (neurons), both to each other and to
increasingly more distant individuals (or groups) at various spatial scales in the outside world (e.g., houses, streets, cities,
states, countries, world hemispheres). A single individual and the persons with whom they live in close spatial proximity can
be seen to comprise a densely connected local network, or processing hub. Information processing efficiency within the hub
is maximised by establishing high interconnectivity between individual members. Members within individual hubs also
establish connections with other individuals, located in other hubs, at varying distance from their home network. These
networks can exist independently in the local community or more distally to the home network, with the efficiency of
communication between them achieved through a few robust connections with these more distant groups. Overall
processing in the system (the brain) can be summarised in terms of its overall processing efficiency, described in terms of both
the local clustering and the typical length of the paths between hubs.

Figure 4. Schematic diagrams of connectivity patterns in networks. Left panel: Individual units (in this case people, not
neurons) are shown as black dots, with their inter-relationships depicted by the lines connecting them. The overall network
topology can be described in terms of the clustering of individuals in a local level and by the average length of the path
between individuals distributed at distance more globally (Figure from reference [13]). Right panel. Graphs of hypothetical
networks, described connectivity on both local and more global scales. Regular networks can be represented by a pattern of
systematic interconnections between local neighbours, but in the comparative absence of longer-range connections,
resulting in high local processing efficiency, but lower global processing efficiency. Random networks are represented by
their unpredictable connections between units distributed both locally and more globally, resulting in higher global
processing efficiency but lower local processing efficiency compared to a regular network. A Small World network represents
an optimised connectivity pattern for the system as a whole, achieving both high local and high global processing efficiency,
by having a short average length of a path between hubs in the network, along with high local clustering of functional units.
(Figure from reference [11])

As applied to descriptions of developing brain, a particular strength of these schematic approaches to network connectivity is
that they may provide particularly parsimonious descriptions of how connectivity varies across children with different
developmental trajectories. Figure 5 shows two hypothetical developmental trajectories that may be particularly relevant for
understanding the mechanisms by which children’s neurocognitive development varies across individuals.

Figure 5. Hypothetical developmental trajectories,
describing changes in an outcome measure of interest
(labelled here ‘ability’) and across age. Red lines
represent the normative developmental trajectory of
ability; blue lines represent the trajectory of a single
individual. The developmental delay trajectory is
characterised by a rightward shift in the individual
measure of ability towards later ages, the result being
that normative ability is achieved by the individual but
at an age later than is typical for the normative group.
The atypical development trajectory represents a
pattern of ability in which normative performance is not
attained by the individual at any point (age) across
development.

Using graph theory, individual connectivity data obtained with appropriate neuroimaging techniques for measuring brain
structure or function (see for e.g., ref [4]), can be described either longitudinally or at a single timepoint, and compared across
groups or other individuals, to evaluate the extent to which there is deviation from the normative developmental trajectory.
For example, a child with a developmental delay might be described as having a functional brain connectivity observed as a
typical progression towards a Small World network (see top of Figure 4), similar to that of a younger, typically developing
child. In contrast, a developmental trajectory that is atypical and which might not be predicted to resolve through
maturation or normal environmental exposure (e.g., normal classroom instruction within an educational environment) might
be described in terms of brain connectivity patterns that do not match the typical developmental trajectory for children at
any given age (for e.g., a more randomly connected network as shown in the bottom of Figure 4). This information may be
particularly informative in aiding the understanding of the different mechanisms of underachievement in learning by children.
Children with similar patterns of low scores on behavioral measures (of educational achievement, for example) may arrive at
this profile through different developmental mechanisms. Appreciating that potentially different trajectories may
characterise the neurodevelopmental patterns of individuals could powerfully impact the choice of intervention strategy that
is applied. For example, a trajectory of simple developmental delay might be predicted to be remediated through
developmental maturity and via regular exposure to relevant environmental stimuli. In contrast, a trajectory identified as
atypical might warrant more require more intensive and individually tailored support to remediate the difficulties
encountered.

Neurodevelopmental disorders of learning as disorders of connectivity
Unexplained learning difficulties are common in the world’s population. Between 14 and 30% of school-aged children require
additional support for their learning[14,15]. In the developing brain, functional and structural connectivity underpins the
refinement of cognitive ability and achievement. Cognitive behaviour, and particularly more complex learned skills that are
unique to humans, such as reading and mathematics, are implemented through distributed networks of brain areas that
depend upon the fine-grained and temporally precise coordination of information between their processing hubs (see Figure
6). This is coupled with the necessity for the network to adapt and modify its activity in response to the repeated presentation
of associations between relevant and meaningful environment stimuli.
There is a strong evidence base for structural and functional differences between the brains of persons with different types of
learning difficulties, compared to typically-developing individuals16-19. The emphasis of most of these previous studies has
been on identifying particular regions of interest in the brain that contribute to the cognitive ability under investigation, and
toward identifying the extent to which measures of neural activity in these areas differ between groups of persons either with
or without specific types of deficits measured behaviorally. In functional studies neuroimaging tasks that simulate different
learning domains (e.g., reading, math, language processing) are typically used to identify the brain components that are
under- or over-active in response to the processing demands of the task. An example image of this type of study is shown in
Figure 6, for word reading during acquisition of a second language, and identifies key areas for which cellular activity is driven
by particular reading component skills.

Figure 6. Left panel. Shows an fMRI image obtained during a reading task. Brain responses for letter strings and words were
compared during the process of learning an additional language. Coloured areas show that reading particularly engages a
set of (predominantly) left-hemisphere lateralised areas in the inferior frontal gyrus, temporo-parietal cortex and inferior
temporal cortex which are also functionally linked to the component reading skills of semantic, phonological and
orthographic processing. Middle and right panels (a, b). Describing functional connectivity within key hubs of the reading
network (a. areas labelled 2,3,4 correspond with those in identified in the left panel) including, b. a graph of the changes in
functional connectivity during reading skill acquisition and their directional effects associated with different trajectories of
reading acquisition (colored arrows). Note here the change of emphasis from that of localised activity (left panel) to
describing functional connectivity patterns between hubs in a network of brain areas engaged in a task (right panels).
Images from reference [21] available by permission through CreativeCommons license (CC BY-NC-ND 4.0)

Neuroimaging studies of learning, both for typical and atypical development, are being extended beyond more modular
accounts of region-specific information processing, to focus more on how information is represented and processed within
the more distributed brain networks that underlie individual difference in cognition[2]. For example, recent investigations have
described the normative patterns in the functional connection strengths between hubs in the reading network, their
differences between readers with atypical and typical reading development, and how their connectivity changes with learned
experience and skill acquisition (for e.g., right panels in Figure 6). Patterns of experience-dependent connectivity in the brain
differ between individuals and are associated with their variable profiles of learning achievement[20,21]. These relationships are,
of course, bidirectional: existing structural and functional differences that precede the onset of initial or continued skill
learning constrain to some degree ultimate learning outcomes, but brain structure and function can also change dramatically
in response to environmental factors including learning environments. Differences in connectivity patterns will therefore
ultimately find utility for describing not only group differences at a single timepoint, but also how individual developmental
trajectories characterise changes in learning and learning potential over time.

Summary
Learning in the brain is implemented through the modification of structural and functional connectivity between aggregates
of neurons, or networks. Network organisation underpins the efficiency with which information is communicated, with higher
processing efficiency achieved by connectivity patterns that are locally dense but much sparser when the distance between
local hubs becomes longer. Neurodevelopment can be described in terms of the changes that approximate these maximally
efficient Small World networks, including trajectories associated both with typical and atypical development. These different
developmental trajectories can be used to understand differences in the structural-functional relationships of the brain that
are observed in some of the most commonly diagnosed disorders of childhood that manifest as differences in children’s
learning outcomes.
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