
The world is cluttered with more information than 
can be processed at once. Attention is defined as a 
process or computation that is applied to competing 
environmental information, the result of which is to 
bias selection and action to one option while simul-
taneously filtering interference from the remaining 
alternatives1–4. Framing attention as a computation 
is useful because it explains how attention processes 
can be carried out on a range of sensory inputs, as 
well as on more-abstract representations. For exam-
ple, visual attention can bias selection of information 
about objects, such as particular features or locations. 
Attention can also act to select goals for action from the 
contents of working memory. In all these cases, attention 
processes determine what information is selected for 
subsequent perception, action, learning and memory, 
imposing a crucial processing bottleneck. It is there-
fore one of the most-studied mechanisms in the adult 
cognitive neurosciences.

However, a complete understanding of attention 
processes must also include an understanding of their 
developmental origins. In this Review, we highlight how 
studying developing rather than developed attentional 
states broadens our understanding of attention mecha-
nisms and forces a shift in focus from considering atten-
tion as an isolated process towards an understanding 
of its links with perception and memory, as well as its 
genetic constraints and malleability. We discuss studies 
of typical development of attention processes and stud-
ies of neurodevelopmental disorders in which attention 
processes are atypical. It is important to note that atten-
tion operates in various sensory modalities. Here, we 
focus largely on cortical mechanisms of visual atten-
tion development, but we suggest that the processes and 
approaches discussed here may operate in a similar way 

across other sensory modalities. Finally, we propose 
novel ideas for successful training of attention during 
development.

Attention processes in the adult
Posner and colleagues were the first to propose a model 
that described three separable attention processes — 
alerting, spatial orienting and executive attention — 
supported by different brain networks1–3. In this model, 
alerting is defined as the generating of a state of arousal 
or readiness elicited by an unexpected external cue. 
Orienting is defined as the shifting of attention to select 
information in the environment4, and may be either overt 
(associated with an eye or head movement) or covert 
(not associated with eye or head movement). Executive 
attention is defined as a process that resolves conflict 
between competing inputs for the purpose of selecting 
goal-relevant action5. These three attention processes 
interact with sensorimotor processing systems: they may 
operate across different sensory modalities and there-
fore act together to regulate multi-sensory integration of 
information6. Attentional processes are also modulated 
by motor input and, although the interaction between 
motor input and attention is beyond the scope of this 
Review, it should be noted that these interactions have 
been studied extensively in the context of premotor theo-
ries of attention7,8.

Spatial cueing tasks are often used to study alerting, 
orienting and executive attention processes. In the visual 
domain, a commonly used cueing task is the attentional 
network task (ANT)1. This task involves presenting the 
participant with an unexpected cue, often on a com-
puter screen, to alert them that a stimulus is about to 
occur, and thus it is used to study alerting. The cue may 
also provide information about where the stimulus will 
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Working memory
A cognitive operation that 
involves manipulating the 
contents of short-term memory 
to direct goal-relevant action.

Attentional network task
(ANT). An attentional cueing 
paradigm designed to provide 
separable indices of alerting, 
orienting and executive 
attention.
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Abstract | Visual attention functions as a filter to select environmental information for 
learning and memory, making it the first step in the eventual cascade of thought and action 
systems. Here, we review studies of typical and atypical visual attention development and 
explain how they offer insights into the mechanisms of adult visual attention. We detail 
interactions between visual processing and visual attention, as well as the contribution of 
visual attention to memory. Finally, we discuss genetic mechanisms underlying attention 
disorders and how attention may be modified by training.
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Executive control functions
Functions deployed across 
modalities to implement task 
goals, including maintenance of 
working memory (also known 
as updating), inhibition of 
responses (also known as 
inhibitory control) and 
cognitive flexibility (also known 
as shifting).

Attentional biases
Processes by which rich 
sensory, motor or internally 
held information is modified by 
attention to enhance the 
processing of aspects that are 
relevant to the task at hand 
and to inhibit task-irrelevant 
dimensions.

occur, allowing a participant to shift attention to that 
location before the stimulus appears, so it can also be 
used to study orienting. Alternatively, a central arrow cue 
may point to one side of the screen while other arrow 
cues flanking it point in either the same or the opposite 
direction; participants must resolve this competition to 
report the direction of the central item, providing an 
index of executive attention. Functional magnetic reso-
nance imaging (fMRI) data obtained from adults during 
such visual cueing tasks have revealed that the networks 
supporting each of these attention processes are largely 
independent1,9,10. Alerting has been shown to involve the 
locus coeruleus, right parietal and frontal regions and is 
modulated by the neurotransmitter noradrenaline1,2,11. 
Orienting involves the activation of the frontal eye fields 
(FEF), superior parietal junction, superior temporal junc-
tion, superior colliculus and pulvinar and is modulated 
by acetylcholine1,2,11. Finally, executive attention is known 
to involve the anterior cingulate, anterior insula, frontal 
cortex and striatum and is modulated by dopamine1,2,11. 
Here, we review studies that focus on visual attention 
and that track the emergence, at separate developmental 
time points, of each attention process. A key observa-
tion is that temporal dissociations of attention processes 
are evident over the course of development, providing a 
powerful way of differentiating attention in developing 
and adult states12,13.

Development of visual attention
Studies of visual attention alerting and orienting in 
infancy depend heavily on assessment of eye move-
ment dynamics (BOX 1). Such studies have shown that 
even newborn babies have the capacity for alerting, 
in its most basic form14. However, the more-complex 
visual attention-orienting mechanism, which allows for 
suppression of competing information during atten-
tion-orienting shifts, becomes functional only between 
4 and 6 months of age14–19. Before this age, attention 
orienting in infants primarily consists of simpler pro-
cesses that facilitate the orienting of the infants’ atten-
tion towards perceptually salient information16,20–22. For 
example, 3-month-old infants can quickly shift visual 
attention towards a particular location that is indi-
cated to be important by a parent (facilitation-based 
orienting), but it is not until 4–6 months of age that 
they are able to suppress distracting information from 
the previously attended location when they make this 
attention-orienting shift. Both forms of orienting are 
likely to engage a similar cortical network that spans 
a caudal to rostral axis from the lateral occipital to the 
parietal and frontal cortices, including the prefrontal 
cortex (PFC) and FEF23,24. Studies of attention-orienting 
behaviour and neural activity in children from 6 years 
of age onwards show that there is continued develop-
ment of visual orienting capacity during childhood and 
adolescence12,25.

Top-down executive attention processes generally 
involve a rule that governs behaviour when stimuli com-
pete or are in conflict. In addition to using the attentional 
network task described above, executive attention can be 
assessed using an antisaccade task in which, for example, 

subjects are taught to always look away from a cue (anti-
saccades) rather than towards it (prosaccades). There is 
some evidence that this antisaccade function is present 
in infants as young as 4 months of age26. Adapting an 
antisaccade task that was first used with adult patients 
with prefrontal damage27, Johnson26 presented young 
infants with a dynamic and colourful target that appeared 
at a location opposite a cue preceding the target. The 
study found a reduction in prosaccades to the cue over 
a number of trials. Furthermore, toddlers and young 
children from 8 to 38 months of age have been shown 
to become increasingly competent at producing anti-
saccades28. Indeed antisaccade development continues 
well into adolescence and has been shown to become 
adult-like by approximately 14 years of age29. Moreover, 
top-down executive attention30, in the form of fron-
toparietal engagement to select among competing or 
conflicting alternatives, also continues to develop into 
adolescence31,32.

Visual attention-orienting mechanisms2–4 and 
more-complex top-down executive control functions5,33 have 
largely been treated independently in both the adult and 
the developmental literature. We incorporate data from 
both throughout this Review, motivated by their linked 
emergence over development, their relationships with 
education and their frequent disruption in developmen-
tal disorders. BOX 2 describes the relationship between 
executive attention and executive control functions, and 
reviews the literature on how these processes may affect 
educational achievement. Although the specific tasks 
used to assess these distinct attention processes may dif-
fer, the consensus is that attention, as a process of manag-
ing information in a cluttered environment, operates in 
similar ways at all stages along the information-processing 
hierarchy, from influencing perception to influencing 
information held in memory34. In the temporal dimen-
sion, attentional biases range from transient initial alerting 
to incoming stimuli to sustained focused attention over 
prolonged periods35. In spatial terms, selective-attention 
mechanisms bias incoming inputs to enhance the pro-
cessing of target stimuli and suppress distractors4. These 
competitive biases extend to response-output systems 
to maintain task-relevant goals in working memory, to 
inhibit previous or now-irrelevant task goals and to flex-
ibly shift attention across tasks5,33. Again, these general 
alerting, orienting and executive processes do not operate 
solely in the visual modality, but they are invoked by the 
need to modulate visual function. It is this specific inter-
action between vision and attention control over visual 
processing that we address in the proposed developmental 
framework below.

Evidence from structural and functional imaging 
studies focused on large populations or twin samples, 
as well as from computational modelling, has further 
described the childhood and adolescent trajectories of 
brain development, highlighting dramatic changes in 
local structure, connectivity and genetic and environ-
mental influences on circuits that play a central part in 
efficient adult attentional states. For example, longitudi-
nal structural neuroimaging data have been used to create 
four-dimensional quantitative maps of growth patterns in 
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the developing human brain. These studies have shown 
that brain maturation is heterochronous and is particu-
larly slow in the frontoparietal cortices36,37, key regions 
involved in executive attention. Of note, protracted matu-
ration also occurs in the temporal, occipital and subcor-
tical areas, and in their white-matter connections with 
frontoparietal areas38,39. Additionally, recent studies have 
found a high degree of maturational coupling between 
frontal cortical thickness and global cortical thickness, 
perhaps because the frontal cortices subserve integra-
tive functions that require coordination with a large 
proportion of the cortical sheet40. Furthermore, analyses 
of longitudinal imaging data collected from twins have 
shown that genetic and environmental contributions to 
the variance in cortical thickness change over the course 
of childhood, with more variance being accounted for by 
environmental factors early in childhood, especially for 
the dorsolateral PFC, and greater genetic contributions to 
variance being seen at later points41. Finally, the frontopa-
rietal and cingulo-opercular networks associated with 
attentional control have distinct patterns of development 
during childhood and into adolescence and adulthood. In 
both networks, development involves decreases in local 
connectivity and increases in long-range connectiv-
ity32,42,43. In summary, the development of visual attention 
may occur alongside protracted and distributed changes 
in brain structure, function and connectivity.

A proposed framework for visual attention development. 
As described above, much is known about the time course 
of development of brain regions and connectivity involved 
in vision, visual attention and the attentional modulation 
of visual systems. However, little is known about how 

these processes interact as they develop and become fully 
functional. Here, we apply several principles described 
in the fields of visual neuroscience and computational 
vision to this problem. First, anatomical connections in 
the visual cortical hierarchy convey information forwards 
and backwards from one region to the next44,45, so indi-
rectly link the primary visual cortex (V1) to the PFC46. 
There are distinct hierarchical streams in the visual system 
for the analysis of motion (dorsal pathway) and colour 
(ventral pathway)45 (FIG. 1). Second, computational mod-
els of vision and attention make use of the concept that 
rostral regions in the visual cortical hierarchy integrate 
inputs from caudal regions and thus process increasingly 
complex aspects of stimuli, space and even abstract rules 
for action47–49. Third, the development of behaviour, 
functional connectivity and grey-matter volume, as dis-
cussed in the previous section, approximately mirrors 
this cortical organization, with development beginning 
caudally and becoming increasingly rostral over time. 
For example, visual-processing cortical areas mature 
early in development, followed by maturation of parietal 
and temporal regions, which support spatial and object-
based attention, respectively, and then by PFC regions, 
which are involved in executive attention. Together, 
these observations have led us to propose a framework 
that embeds visual attention development into the 
emerging functionality of this hierarchical architectural 
organization of visual pathways.

Connections among cortical areas of the dorsal and 
ventral visual pathways have been mapped in the non-
human primate brain and found to be organized hierar-
chically45. Visual information enters the system via the 
lateral geniculate nucleus (LGN) and is first processed in 

Box 1 | The relationship between visual attention development and eye movements

The neural systems underlying visual attention and eye movements overlap23,24. Attentional control of saccadic eye 
movements involves connections between visual regions (primary visual cortex (V1), secondary visual area (V2), fourth 
visual area (V4), the parietal cortex and the frontal eye fields (FEF)), the superior colliculus and the basal ganglia174. 
Moreover, many of the neural mechanisms involved in alerting, orienting and executive attention are also implicated in 
the development of eye movements. This observation suggests that attentional biases operate within a dynamic brain, 
in which action and perception are closely linked7,8.

Many aspects of oculomotor control show dramatic but temporally dissociated improvement between birth, 4 months 
of age175 and beyond. A pathway from the retina to the superior colliculus is the first component of the system to be 
operational, with evidence of function of this pathway in newborns, whereas the development of projections from V1 and 
middle temporal area to the superior colliculus is completed later. An inability to disengage from salient stimuli, referred 
to as sticky fixation, is present in the first month of life in a typically developing infant and depends on the (predominantly 
inhibitory) input from the basal ganglia to the superior colliculus in combination with poor cortical control at that very 
early time point in infancy175. Input from the FEF allows for anticipatory looking after 3 months of age176,177, although this 
ability continues to develop throughout infancy and can be influenced by experience and training178. Smooth pursuit, a 
process which reflects the tracking of moving visual stimuli, develops over the first 6 months and is related to patterns of 
sustained attention179. By contrast, the ability to suppress orienting towards salient peripheral stimuli emerges at 
approximately 4 months of age26 but continues to develop during early childhood28 and well into adulthood, as indexed 
by the increasing accuracy in producing antisaccades180.

The differential maturation of layers of V1 and of projections from these layers to nodes of the oculomotor control 
network has been suggested to drive the characteristic onset of visual orienting behaviours in infancy175. However, this 
maturational progression does not mean that oculomotor control over the first year of life is entirely driven by changes 
in feedforward input from V1. Indeed, a role for the prefrontal cortex (PFC) in saccade planning emerges from 
6 months of age181. Furthermore, functional connections between the PFC and parietal cortex have been measured 
from 6 months of age66 and can influence oculomotor control well beyond infancy, as demonstrated by functional 
magnetic resonance imaging changes in activity from 8 to 30 years of age182,183. As we discuss in this Review, this functional 
connectivity forms the basis of the feedback circuitry that influences the function of lower-level visual cortices.
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Feedforward
Efferent flow of information 
away from a lower cortical 
region to a higher cortical 
region.

Feedback
Afferent flow of information 
from a higher cortical region to 
a lower cortical area.

parallel by visual areas governing the processing of spe-
cific features (such as motion), then it feeds forward and 
converges on the other cortical nodes (FIG. 1) within the 
hierarchy50. For example, from a computational perspec-
tive, the role of the parietal cortex in the dorsal pathway 
is thought to be the integration of information from mul-
tiple feedforward or bottom-up local-processing visual 
streams and to resolve the competition between these 
inputs in a topographically meaningful manner to allow 
for selection and allocation of spatial attention47. Similarly, 
the ventral pathway from V1 to the inferior temporal 
cortex (IT) allows for increasingly complex object rep-
resentation through pooling of inputs from lower levels 
along the pathway48,49. It is also known that the function 
of some cortical areas, including V1, is modulated by the 
top-down or feedback signals generated in relatively high-
level regions51,52. This top-down modulation of V1 acts as 
a form of gain control over visual processing and results 
in improved quality of low-level vision, enhanced contrast 
sensitivity, improved acuity and improved perceptual pro-
cessing of attended information51. Notably, the reciprocal 
feedforward and feedback connections are anatomically 
distinct, originating and terminating in different cortical 
layers52. In the stable adult state, the hierarchy is better 
described as a series of parallel loops reverberating across 
cortical circuits, with no obvious beginning or end46,52.

We therefore propose a framework whereby this 
hierarchical organization53 develops into this stable 
state over human ontogeny. Mechanistically, the cumu-
lative development of visual areas feeding forward into 
higher-level regions may function as the catalyst for 
top-down attentional modulation of these same visual 
pathways. This top-down attentional modulation also 
functions as a form of gain control over visual pro-
cessing and results in improved quality of early vision, 
enhanced contrast sensitivity, acuity and perceptual 
processing of attended information51. Any disruption to 
local visual organization, for example in the form of dis-
ruption to pyramidal cell or interneuron populations, 
may then disrupt sensory-driven dynamics and affect 
top-down or feedback-loop organization54. In turn, 
as feedback-loop integrity shapes perceptual learning 
through changes in expectation and attention55, initial 
low-level changes would result in the local and long-
range changes in functional connectivity and network 
integration that characterize typical visual attention 
development (from simple visual orienting to execu-
tive attention processes) and might also contribute to 
multiple developmental disorders.

This proposal is consistent with the timing of the 
development of vision, visual attention and execu-
tive attention modulation of visual processing. Recent 
studies have shown that visual-orienting processes that 
depend largely on simple feedforward and feedback 
architecture develop during the first postnatal year, and 
that their functionality is predicted by improvements in 
local visual-feature processing56. In addition, vision is 
poor in newborn humans, and most visual skills improve 
rapidly during the first 6 months. Acuity is estimated at 
20/800 for most newborns57 but improves quickly over 
the next few months, as does contrast sensitivity58. Full 
motion sensitivity is noted by 6 months59, whereas it is 
known that infants are sensitive to orientation shifts 
as early as 6 weeks after birth60. It seems reasonable to 
suggest that the cumulative functional development of 
visual processing areas is a prerequisite for the develop-
ment of higher-level visual computations, such as vis-
ual attention, that resolve competition between visual 
elements in a scene4. As an analogy, imagine that you 
must make a decision. When there is only one option 
available, there is no decision-making required and so 
there is no challenge to the decision-making circuitry. 
Imagine now that additional options are added. Now, the 
competition between these options needs to be resolved, 
which requires the use of the relevant decision-making 
circuitry, including long-range cortical top-down con-
nections. Similarly, in the case of visual attention, in 
early postnatal life, vision is poor and feedforward visual 
information conveyed to higher cortical areas is mini-
mal. We hypothesize that, with visual development, there 
is an increase in feedforward information competing for 
attention allocation in higher-level regions, thus link-
ing top-down visual attention development with visual 
experience56. In turn, these regions, now engaged, send 
top-down signals to begin to tune local visual areas, set-
ting the hierarchical loops in motion from very early 
in the first postnatal year. This developmentally timed 

Box 2 | Linking attention development and education

Effective executive attention involves a series of processes commonly referred to as 
executive control functions, including working memory, inhibitory control and 
cognitive flexibility. A defining principle of executive attention is that behaviour is 
directed by a rule or the achievement of some goal. A simple example is one in which a 
parent may ask a small child to pick up the red ball, and a competing green ball may be 
nearby. The child would need to suppress the action of picking up the competing green 
ball (which shares its shape and function with the red ball) to complete the 
goal-oriented action. This task may be more difficult than if the competing toy were a 
stuffed teddy bear, for example. To act appropriately, the child must maintain the goal 
(to pick up the red ball) in working memory and suppress or inhibit distraction (from the 
competing green ball). In addition, over time the child might need to switch flexibly 
between rules (to sometimes pick up the red ball, and at other times pick up a different 
toy). This example reflects differing but overlapping kinds of conflict among percepts, 
responses or rules that need to be resolved by an executive attention system.

These executive processes are known to facilitate educational attainment. For 
example, multiple studies suggest that working memory skills, and in particular the 
contribution of executive attention to those skills, are a significant concurrent and 
longitudinal predictor of educational outcomes, especially in mathematics93, that are 
independent of individual differences in intelligence89. Even before the onset of formal 
instruction, executive and attentional skills provide preschoolers with a head start 
when in school, especially in numeracy184,185. The stronger relationship between 
executive attention development and numeracy compared with executive attention 
development and literacy may be due, in part, to the visuo-spatial nature of numerical 
constructs acquired early in childhood. What mechanisms underlie the robust 
relationships between executive attentional control and educational outcomes? 
Growing evidence highlights the role of attentional biases in encoding and 
maintenance of information in working memory. For example, electrophysiological91 
markers of attentional biases in preparation for encoding into memory and 
resting-state functional connectivity186 correlate with working memory capacity in 
9–11-year-old children. Furthermore, magnetoencephalography shows that 
frontoparietal oscillations before encoding predict the accuracy of later memory in the 
same age group90 (FIG. 2). These findings suggest that individual and developmental 
differences in the ability to deploy attention, and their neural correlates, constrain the 
efficiency of memory processes and, in turn, may influence classroom learning.
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cascade model may explain the emergence of visual 
attention in the 3–6 month age range14,61, in the sense 
that it must occur after the critical first several weeks of 
cumulative visual development.

This ontogenetic model is also consistent with a 
recent phylogenetic description of cortical organization. 
Finlay and Uchiyama62 present evidence that a central 

principle in phylogenetic change is organization around 
a rostrocaudal axis. Moreover, the same authors have 
suggested that the convergence of inputs from hierar-
chically organized cortical areas onto the frontal lobes, 
which are also hierarchically organized63, may be critical 
to executive control functions (including the executive 
control over visual processing discussed here) in spe-
cies with larger brains62. We propose that visual attention 
development fits this framework very well.

A similar ontogenetic argument can be inferred from 
studies of functional neural network integration versus 
segregation in developmental connectomics64. This novel 
approach has shown that short-range sensorimotor con-
nections best-characterize the infant brain early in post-
natal life65, whereas long-range functionality develops 
later. Of course, even within infancy, there is evidence 
of continued development of frontoparietal network 
connectivity between 6 and 12 months66. This develop-
ment is followed by continued organization of cortical 
long-range connections involving increasingly rostral 
cortical areas into childhood and adolescence67–69. 
However, connectomics data from young subjects must 
be evaluated carefully, as there are concerns that head 
motion during MRI is greater at younger ages and thus 
that these studies may find greater short-range con-
nections in younger children than there really are70. 
Nonetheless, there is growing evidence from studies 
controlling for these artefacts to suggest that there 
are increases in long-range region connectivity dur-
ing development, including increased myelination and 
white-matter integrity that would facilitate longer-range 
communication38–40. With respect to executive control 
functions, studies of effective connectivity in children 
find that strengthening of long-range connectivity from 
parietal to frontal regions and decreases in short-range 
connectivity within parietal and frontal regions occur in 
parallel with improvements in executive regions32.

Visual attention development and memory
Visual attention orienting is one of the first coordinated 
active exploration systems to develop in human post natal 
life and serves several functions. It allows sequences of 
individual visual images, obtained across successive 
saccades, to merge for scene coherence71,72. It also deter-
mines which information is selected for processing from 
complex cluttered environments, so supports learn-
ing from the currently attended location based on task 
goals. In addition, visual attention processes support sup-
pression of distraction from the location of the previous 
locus of attention, which is necessary when the previously 
attended location is still in the field of view or when there 
is interference from a lingering memory trace of the pre-
vious focus of attention73,74. It follows that visual atten-
tion deployment should have functional consequences on 
learning and memory. This is supported by developmen-
tal studies, which show that as distinct attention processes 
develop so too do separable learning and memory pro-
cesses75–77. Attention mechanisms are involved in encod-
ing visual short-term memory (VSTM)75, maintenance in 
working memory77 and long-term recognition memory78. 
These distinct forms of memory can be dissociated at 

Figure 1 | Primate dorsal and ventral visual pathways and possible sites of 
disruption. Disruption to the local architecture and organization of specific visual 
areas may have effects on circuit development. This figure shows a simplified 
overview of feedforward and feedback connectivity between visual areas and 
more-rostral cortical areas, including parts of the parietal, frontal and temporal 
cortices involved in visual attention processes46,197. For simplicity, we omit here the 
reciprocal connections between the dorsal and ventral pathways. a | Over the course 
of development and hierarchical cortical organization, disruption to the local 
organization of motion processing via the middle temporal area (MT; shown in green) 
may result in disrupted feedforward- and feedback-loop architecture integrity both 
in regions involved in executive attention, through weaker connections to the 
prefrontal cortex (PFC) and frontal eye fields (FEF), and in regions involved in 
visuo-spatial attention orienting, through the parietal cortex (the lateral 
intraparietal area (LIP)). b | Similarly, over the course of development, disruption at 
the level of the fourth visual area (V4; shown in green) could result in weaker 
long-range connectivity through the ventral visual pathway, disrupting the 
hierarchical feedforward and feedback organization of executive attention 
processes through the PFC and disrupting object-based visual attention through the 
inferior temporal area (IT). AIP, anterior intraparietal area; MST, medial superior 
temporal area; TEO, temporo-occipital cortex; V1, primary visual cortex. V2, 
secondary visual area; V3, third visual area; VIP, ventral intraparietal area. 
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Connectomics
An emerging field that 
identifies functional coupling of 
brain regions to form networks 
by assessing correlated activity 
using functional magnetic 
resonance imaging analyses.

Contextual cueing
A visual search paradigm 
designed to improve attention 
selection of targets that appear 
repeatedly in the same scene 
(context) compared with 
attention directed towards 
targets that appear in novel 
contexts.

different developmental stages, both in cognitive and in 
neural terms. In turn, as memory traces become long-
term memories, information held in memory influences 
attentional selection, as demonstrated by contextual cueing 
of visual attention, for example79.

External cues can successfully direct infants’ atten-
tion orienting to perceptually salient information from 
3 months of age16,19. The emergence of this orienting 
mechanism is relevant to VSTM abilities75. VSTM allows 
for fluid integration of information across successive sac-
cadic eye movements80. VSTM is known to have very 
stringent capacity limits in early infancy81,82 (that is, as 
little as one item of information can be maintained in 
VSTM at one time), but this can be overcome if external 
cues are used to orient attention to the stimulus location 
before its onset75. By contrast, orienting to a stimulus 
while simultaneously suppressing previously attended 
competing distraction begins to emerge later, between 4 
and 6 months of age15,16,19, and it is coupled with robust 
encoding of attended items for subsequent recogni-
tion76,83. This has been shown in studies in which heart 
rate deceleration is used as an index of sustained focused 
attention84, as well as in studies in which an inhibitory 
mechanism (‘inhibition of return’) is experimentally 
elicited by manipulating timing parameters of attention 
cues, to engage suppression of a previously cued loca-
tion while objects are incidentally encoded in a currently 
attended location76. In 9-month-old infants, suppression 
of the previously cued location during object encoding 
enhanced subsequent recognition memory for objects 
placed in attended locations, whereas identical tasks that 
simply facilitated orienting to the cued location with-
out concurrent suppression of the distractor did not76. 
Ostensibly, this balance between attentional enhance-
ment and distractor suppression supports a more-robust 
visual signal for downstream encoding51,85.

Furthermore, as discussed above, aspects of top-down 
executive attention continue to develop well into adoles-
cence and adulthood31,32, and this may have implications 
for working memory at these developmental stages. For 
example, neuroimaging data have shown that attention-
related top-down frontoparietal modulation of visual 
regions was reduced in 8–12-year-old children relative to 
in adults, and this reduced modulation related to poorer 
working memory performance86. This suggests that the 
ability to maintain information in working memory, in 
a manner that is resistant to distraction, is supported by 
top-down prefrontal modulation of areas involved in 
stimulus processing. These data can be dissociated from 
attentional effects on encoding into VSTM87,88. Indeed, 
although directing attention at encoding provides 
developmentally robust advantages for encoding into 
both short-term77,89,90 and long-term memory78, atten-
tional influences on maintenance in working memory 
are less efficient in 6- and 11-year-olds compared with 
in adults77,87,89. Furthermore, attending to the contents 
of working memory facilitates the accuracy of mem-
ory report both in children and in adults77,89. However, 
children deploy attention less efficiently in working 
memory. For example, 11-year-olds show differences 
in the dynamics of attentional influences on working 

memory compared with adults91 (FIG. 2). However, the 
observation of adult-like frontal electro encephalo-
graphy (EEG) signatures when orienting attention to 
memory91 and the engagement of a frontoparietal net-
work at around the time of encoding, as measured with 
magnetoencephalography (MEG), predict the accuracy 
of their later memory90. The deployment of attention 
in function of maintenance in working memory is the 
aspect of attentional modulation that is most depend-
ent on prefrontal engagement, is most protracted in its 
developmental course and has the most-direct links to 
educational attainment92,93 (BOX 2).

Of note, the interaction between visual attention and 
higher-order control functions is bidirectional: the devel-
opment of higher-order cognitive functions (for exam-
ple, long-term memory formation) also influences the 
deployment of visual attention. It has long been known 
that information previously encoded into long-term 
memory and categorical knowledge can guide attention 
in adults94–96, but recently it has been shown that this also 
occurs in childhood. For example, in a modification of 
the now classic contextual cueing paradigm97, children 
as young as 5 years of age were found to direct atten-
tion more efficiently when guided by information held 
in long-term memory79. In this paradigm, visual search 
for targets embedded in repeated scenes is more efficient 
compared with visual search for a novel target not asso-
ciated with a contextual memory trace. Furthermore, 
attention orienting is most effective for memoranda for 
which familiar representations are available in long-term 
memory, both in children and in adults98.

Atypical visual attention development
Overview. Abnormal attention is a symptom of several 
disorders, including attention deficit hyperactivity dis-
order (ADHD), autism spectrum disorder (ASD) and 
fragile X syndrome (FXS). The developmental cognitive 
neuroscience of these and other attentional disorders 
has increasingly shifted from a focus on individual brain 
regions involved in attention towards the study of con-
nections between these areas and how these connections 
develop. For example, in the case of ADHD, the initial 
targets of investigation were the frontostriatal circuitry99 
and the dopaminergic system, as well as its candidate 
genetic moderators100. This emphasis was justified by 
the fact that the majority of cases respond to methylphe-
nidate, a dopamine-reuptake inhibitor101. Furthermore, 
structural imaging data had suggested that individuals 
with ADHD have reduced frontostriatal volumes102. 
However, focusing solely on frontostriatal areas in 
ADHD has been questioned as a result of findings from 
behavioural103, systems neuroscience104 and genetics stud-
ies105. For example, structural abnormalities observed in 
individuals with ADHD include not only frontal cortical 
thinning but also global cortical thinning106,107. Children 
with ADHD show decreased functional connectivity in 
frontoparietal networks and increased local efficiency 
within networks. The term ‘neural efficiency’ remains to 
be clearly operationalized108, but these connectivity data 
seem to suggest that in ADHD there is increased net-
work segregation and decreased long-range connectivity, 
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Figure 2 | Visual attention correlates with working memory capacity. Electrophysiological and magnetoencepha-
lographic studies provide evidence that variation in the neural markers of attentional deployment correlate with 
individual differences in memory capacity. a | Electrophysiological markers of visuo-spatial attentional orienting in 
preparation for encoding information into memory distinguish 10-year-old children with higher or lower working 
memory capacity. The early directing attention negativity (EDAN) is an event-related potential locked to the onset of 
spatial cues that direct attention, and it is characterized by greater negativity at posterior scalp electrodes that are 
contralateral than at posterior scalp electrodes that are ipsilateral to the direction of the attention-orienting cue. 
EDAN is thought to indicate cue-processing. Another event-related potential, anterior directing attention negativity 
(ADAN), is also characterized by greater negativity at scalp electrodes contralateral to cue direction, but at electrodes 
that are more anterior than those used for EDAN. ADAN is associated with deployment of attentional control. The 
waveforms (left-hand and central panels) represent the average time course of these differences for children with 
high working memory capacity (who do show EDAN and ADAN); and children with low working memory capacity 
(who do not show EDAN and ADAN). The area marked with a dashed box highlights when the waveforms differ for 
contralateral and ipsilateral sites for adults and children with high working memory capacity, but not children with 
low working memory capacity. The scatterplots (right-hand panels) show significant correlations between the 
magnitudes of EDAN and ADAN and the benefits of cues for memory on this task. b | Magnetoencephalographic data 
suggest that the preparatory oscillations of a right frontoparietal network before encoding items into memory predict 
the accuracy of later memory recall and the activity of visual cortices when the memoranda are first encoded. Adults 
and 10-year-old children were asked to encode either two (low load) or four (high load) simultaneously presented 
items into memory and then to recall whether a probe item was among the memoranda. The children’s spatial maps of 
right-frontoparietal network oscillations are shown on the left and the time course of the effect of these oscillations 
on memory accuracy are shown in the centre. Represented on the x‑axis is time, with 0 indicating the time point at 
which the to-be-encoded items were presented. The y-axis represents beta weights. Pre-stimulus activity in this 
frontoparietal network in preparation of encoding successfully discriminates trials in which participants remember 
items accurately (purple line). By contrast, this frontoparietal network is not differentially engaged by memory load 
(an index of task difficulty; grey line). The panel on the right represents the area in the children’s visual cortex whose 
activity after the onset of the to-be-encoded stimuli was significantly predicted by right frontoparietal network 
activity, illustrating the coupling that occurs between this network and the visual cortex. Part a is adapted from 
REF. 91. Reprinted by permission of MIT Press Journals, © 2014 Massachusetts Institute of Technology. Part b is adapted 
from Astle, D. E. et al., The neural dynamics of fronto-parietal networks in childhood revealed using 
magnetoencephalo graphy, Cereb. Cortex, 2014, doi:10.1093/cercor/bhu271, by permission of Oxford University Press.
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Polygenic risk
Genetic risk for a particular 
phenotype (for example, the 
likelihood of attention deficit 
hyperactivity disorder 
diagnosis) captured as the 
cumulative effect of differences 
at multiple genetic loci.

Functional gene networks
Genes operating in concert to 
regulate particular neural or 
developmental functions (for 
example, dendritic dynamics 
and receptor clustering, 
intracellular transport and 
regulation of gene 
transcription).

indicating poor integration109. Furthermore, a meta-
analysis of over 50 functional neuroimaging studies110 
comparing children and adults with ADHD with neu-
rotypical controls has revealed abnormalities in several 
areas, including the frontostriatal circuitry but also the 
visual and default mode network111,112. ASD, another 
developmental disorder, is also in part characterized by 
atypical attention and is now also considered a network 
disorder90, although the networks disrupted in ASD may 
be different from those disrupted in ADHD113–115. Thus, 
our understanding of typical attention development is 
not complete if it centres entirely on individual areas or 
even isolated circuits, rather than on networks. In other 
words, studying just a single node in any network (for 
example, the PFC) would provide an incomplete picture 
of brain regions involved in attention.

A fuller picture emerges as we instead examine a 
developmentally titrated model. The organization of 
the developing brain begins to influence visual atten-
tion development from infancy, potentially through 
changes in the cortical hierarchical organization of the 
ventral and dorsal pathways described above (FIG. 1). 
By studying these pathways, one can make specific 
predictions about how disruptions to the development 
of brain regions involved in visual processing early in 
postnatal life may affect downstream attentional net-
work function (FIG. 1). Indeed, impairments in visual 
attention and visual processing are a common feature of 
several neurodevelopmental disorders. Three hypoth-
eses suggesting that attentional disruption occurs in 
these populations in association with atypical percep-
tual processing have been proposed: the hypothesis 
that atypical global motion processing characterizes 
various developmental disorders (the dorsal stream 
vulnerability hypothesis116), the enhanced perceptual 
functioning hypothesis117,118 and the atypical neural 
noise accounts of autism119. However, particularly in 
the case of autism, these accounts have been challenged 
by other hypotheses that top-down and feedback influ-
ences are more important than feedforward influences 
in understanding atypical perception and attention120. 
Here, we point out that the origin of the disruption is 
difficult to disentangle by studying the adult state alone, 
because it could very well arise from earlier feedforward 
abnormalities, feedback abnormalities or both, even if 
in the adult only one of the two types of disruptions 
can be isolated. A resolution must come instead from 
considering the potential developmental origins of dis-
ruptions. The recent findings on early visual, perceptual 
and attentional development and their neural correlates 
in very young children with autism and infants at high 
familial risk for autism are beginning to address these 
questions121–125.

Genes implicated in attention dysfunction. Research on 
the genetic basis of differences in attention in healthy 
individuals (both adults and children) initially focused 
on common polymorphisms for a small number of 
genes regulating the efficiency of neurochemical metab-
olism, such as variants of DAT1 (also known as SLC6A3; 
which encodes the sodium- and chloride-dependent 

dopamine transporter), DRD4 (which encodes the D4 
subtype of the dopamine receptor) and COMT (which 
encodes catechol-O-methyltransferase and is involved 
in monoamine synthesis)126,127. Similarly, investigations 
of the genetic basis of complex neurodevelopmental dis-
orders that are diagnosed by their behavioural symp-
toms, such as ADHD and ASD, initially focused almost 
exclusively on variants in individual candidate genes 
regulating neurotransmitter efficiency128,129.

Recently, a more-complex view has emerged owing 
to studies of attention during development. Large-scale 
studies of the genetic basis of individual variability in 
attention and clinical risk for ADHD have shown that 
the functional outcomes of distinct monoamine-related 
gene variants differ at various stages of development, 
both in the healthy population130 and in individuals 
with ADHD131. For example, the COMT Met variant 
results in higher dopamine availability, but the benefits 
of carrying the Met variant compared with carrying 
the alternative COMT variant Val (better performance 
and reduced PFC activation during working memory) 
emerge only after 10 years of age130. Furthermore, 
although the 10/10 genotype of DAT1 is thought to be 
a risk factor for ADHD in children, the 9/9 genotype 
is associated with persistent ADHD in adulthood131, 
which again suggests a complex developmental pic-
ture. In addition, genome-wide association studies of 
risk for neurodevelopmental disorders like ADHD and 
ASD have shown that common variants of individual 
candidate genes have small influences105,132, highlighting 
that genetic risk must instead be studied in the con-
text of polygenic risk factors, both in individuals with 
attention disorders133,134 and in the neurotypical popula-
tion135. Furthermore, these studies do not identify genes 
directly associated with neurotransmitter regulation 
but rather genes that regulate the establishment of local 
and long-range connectivity over development, such 
as those implicated in dendritic neurite outgrowth136. 
Thus, genomic data highlight that a one-to-one map-
ping between the genetics of neurotransmitter func-
tion and attentional dysfunctions is unlikely137 and that 
models of genetic influence on attention must address 
how genetic variability acts on the development of local 
and long-range connectivity, which, as discussed above, 
is central to attentional development.

Moreover, studying the genetics of neurodevelop-
mental disorders highlights further points to consider 
when investigating the influence of genetics on atten-
tional development. First, it has become clear that the 
candidate gene approach is not helpful in the context of 
understanding risk for attentional disruptions or sus-
ceptibility to adverse environmental conditions, such 
as prenatal stress138. Instead, polygenic risk clusters 
in broad functional gene networks. For example, recent 
studies on copy number variation have identified mul-
tiple converging functional gene regulatory networks 
associated with risk for ASD139,140. These gene networks 
overlap somewhat but are still distinguishable from 
functional gene networks that confer risk for ADHD 
and schizophrenia132,141. Remarkably, these networks do 
not often directly implicate the neurotransmitters that 
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were initially the targets of the candidate gene studies 
(such as dopamine-related gene variants) but instead 
point to disruptions in gene networks implicated in 
setting up network dynamics and their vulnerability, 
a shared factor across these disorders. These studies 
highlight possible interactions between the expression 
of susceptibility genes and endogenous maturational 
changes in the availability of neurotransmitters like 
dopamine142, with atypical dopamine availability put-
ting certain populations at risk for atypical development 
of attention.

Powerful illustrations of this point come from the 
development of attentional difficulties in individuals 
with rare, high-penetrance genetic mutations associ-
ated with severe and complex neurodevelopmental dis-
orders. These can be informative, because mechanisms 
can be studied from the single gene to the symptom 
level143. For example, the fragile X mental retardation 1 
(FMR1) gene is silenced in FXS144, an inherited con-
dition associated with inattention and hyperactivity 
(BOX 3). The associated protein, FMR protein (FMRP), 
is a key regulator of glutamatergic145 and GABAergic 
balance146, as well as synaptic development and function, 
as demonstrated by dendritic spine dysmorphology and 
altered synaptic plasticity in FXS147,148. Although the pri-
mary effects are on intrinsic neurotransmitter regulation, 
not dopamine, the balance in extrinsic neurotransmit-
ters (like monoamines) is also affected149 and computa-
tional properties that are central to the development and 
function of frontoparietal connections150 are compro-
mised. One of the strengths of studying individuals with 

genetically identified developmental disorders associated 
with high risk for attention difficulties, such as FXS, is 
that prospective longitudinal data can be gathered from 
infancy, in both humans and animals, long before ADHD 
(or ASD) diagnoses can be attained.

Changes in computational constraints on neural 
development and functioning like those characteristic 
of FXS (BOX 3) sit at the convergence of risk for disor-
ders like ADHD151 and ASD140,152. High-penetrance 
mutations may have converging (or diverging) effects 
on attentional functions, depending on the specific 
ways in which they regulate neural development, neu-
rophysiological properties and network emergence, as 
has been proposed in the context of similarities and 
differences between tuberous sclerosis and FXS153. 
The body of information about how these individually 
rare but cumulatively rather common mutations affect 
attentional control networks is growing143. A fruitful 
approach to use this information is to group rare genetic 
differences that affect common networks and test their 
effects on attentional control skills in comparison with 
relatively well-understood abnormalities like those 
measured in FXS154.

In summary, to date, the gene networks implicated in 
attention impairments seem to modulate the dynamic 
hierarchical organization of the cortex and connections 
that underlie the development of attention, rather than 
predetermining attentional control directly. Thus, such 
gene networks are best thought of as playing a part 
in heightened susceptibility to developing attention 
disorders.

Box 3 | Rare genotypes, gene functional networks and risk for attention disorders

Studying individuals with rare but highly penetrant genetic variants associated with high risk of attention difficulties from 
early childhood can provide insight into the genetic, cellular and systems mechanisms of risk, because these individuals 
can be studied at multiple levels, from genetics to behaviour143. For example, fragile X syndrome (FXS) is a monogenic 
neurodevelopmental disorder affecting 1 in 4,000 males and 1 in 6,000 females187 and is associated with a very high risk for 
attention deficits. The gene that is silenced in FXS, fragile X mental retardation 1 (FMR1), encodes FMR protein (FMRP), 
which regulates glutamatergic145 and GABAergic146 balance, suggesting that the attention impairments observed in 
FXS are not directly related to dopaminergic signalling. At the systems level, function of frontostriatal and 
frontoparietal cortices is atypical in individuals with FXS188,189, but several other networks are also affected190. Studies 
using Fmr1-knockout mice also suggest that the embryonic development of broad neuronal networks is atypical in 
FXS191,192. FMRP is expressed widely across cortical and subcortical circuits, an observation that would predict global 
impairments. At the cognitive level, individuals with FXS show difficulties in attentional control and working memory 
from childhood, both cross-sectionally193 and longitudinally194,195. How could these relatively specific cognitive level 
deficits emerge, in contrast with broad and global impairments in neural function? As outlined above, FMR1 silencing 
affects synaptic development and results in immature dendritic spine development. These changes in turn may alter a 
computational property that is essential to the development of higher-order circuits involving the parietal and 
prefrontal cortices150. Of note, developmental time is an essential factor to consider in understanding pathways to 
attention risk: FXS can be diagnosed early in infancy or childhood, making it possible to study trajectories from an early 
age, including early perceptual processing abnormalities in spatiotemporal integration196, impairments in basic 
eye-movement control28 and difficulties in basic attention processes that predict later attention deficit hyperactivity 
disorder (ADHD) symptoms194.

Functional gene networks implicated in pathways such as those dysregulated in FXS are complex and have multiple 
components. Different genetic mutations may have converging (or diverging) effects on attention, depending on the 
specific ways in which they regulate network development. A fruitful approach is to group rare mutations associated with 
attention deficits according to their putative affected networks and test their effects on attentional control skills. For 
example, individuals with mutations in genes encoding membrane-associated guanylate kinases (which regulate synaptic 
plasticity function) display hyperactivity and autistic-like symptoms that are similar to some of the symptoms of FXS, but 
these individuals seem to have attention profiles distinct from those observed in individuals with FXS154. These findings 
suggest that the mechanisms underlying attention function and dysfunction can be understood by studying 
distinguishable molecular pathways disrupted in people with rare mutations associated with attention disorders.
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Transfer
The outcome of a cognitive or 
neural training regime that may 
improve untrained tasks that 
use the specific skill being 
trained (such as attention), 
improve closely related 
functions (referred to as narrow 
transfer) or improve 
more-distally related system 
functions (referred to as wide 
or far transfer; for example, 
mathematical achievement or 
intelligence improving after 
attention training).

Environmental influences and training. Several lines 
of evidence suggest that the developmental architec-
ture of attentional processes is plastic. Here, we discuss 
these complementary bodies of work, as well as novel 
opportunities and caveats for attention training and 
intervention, in the context of both typically developing 
individuals and individuals with developmental disor-
ders affecting attention. The potential for effective train-
ing of attention has attracted much interest from initially 
rather different groups with distinct agenda: practition-
ers focused on improvements in attention outcomes in 
real-world environments and neuroscientists interested 
in the mechanisms of attention plasticity. Initial excite-
ment about the modifiability of attentional processes 
emerged through diverse but complementary ‘natural 
experiments’ charting the effects of environmental dif-
ferences on attention. Pioneering studies demonstrated 
that congenitally deaf individuals have better peripheral 
visual attention than those with hearing155,156 and that 
variation in executive attention in healthy individuals is 
associated with socioeconomic status, which may incor-
porate a number of environmental factors157–159. These 
findings suggested that some attentional mechanisms, 
namely top-down executive attention processes, are heav-
ily shaped by the environment. However, it is difficult 
to directly attribute these effects on executive attention 
to plasticity induced by altered environmental exposure 
because the target populations (for example, congenitally 
deaf individuals) might also be characterized by other 
neural or cognitive differences.

The effects of attention-training regimes are better 
studied by randomly allocating individuals to distinct 
exposure regimes. The finding that expert adult video-
game players differed in cognitive and neural markers 
of executive and spatial visual attention compared with 
non-expert players160,161 led to additional studies of the 
effects of video-game exposure on attention in naive 
players. When naive individuals were first exposed to a 
gaming regime, improvements in low-level visual pro-
cessing and spatial attention were observed, although 
effects on executive attention were weaker162. Recently, 
similar training experiments have begun to study atten-
tion-training regimes to investigate the malleability of 
attentional mechanisms and their neural correlates from 
childhood163,164. The training regimes used in these stud-
ies typically involve prolonged exposure to computer-
ized attention games, which aim to stretch the level of 
ability of individual participants by becoming increas-
ingly challenging164. These training programs have been 
particularly successful in training executive attention 
and related functions, such as working memory164,165, 
in neurotypical adults and young children166, and in 
children with neurodevelopmental disorders such as 
ADHD167, although there have been failures to replicate 
these studies168.

Given the interaction between attention and learning 
and memory processes, one would expect that train-
ing attentional processes would transfer organically to 
associated learning and memory systems. However, 
surprisingly, transfer of training benefits to untrained 
neurocognitive processes (for example, mathematical 

ability or intelligence) or behaviours (for example, 
hyperactivity and inattention in the classroom) that 
are known to relate to attention processes has been 
difficult to demonstrate convincingly, as there have 
been conflicting findings in these studies, as indicated 
by recent meta-analyses and systematic reviews169–171. 
Why is transfer of attention training to related func-
tions such as mathematical ability or behaviour in the 
classroom ineffective? We suggest that, in addition to 
possible methodological limitations to existing train-
ing regimes (including limited attempts to follow-up 
training benefits over time, difficulties in choosing 
pre- and post-training assessment measures and dif-
ficulties in designing an active control regime against 
which to compare training effects), these failures lie 
in an incorrect core assumption: that a repetitive ‘diet’ 
of attention tasks, training certain processes through 
repetition, will automatically generate transfer. In this 
Review, we suggest that the emerging efficiency of con-
nections between executive attention control regions 
and more-specialized regions supporting the specific 
tasks towards which transfer is aimed is an important 
part of the development of adult attention. If this is 
correct, attention training that is devoid of a focus on 
its relationships with specific processes (for example, 
numerical processing, visuo-spatial processing and 
perceptual processing) will not transfer easily to these 
skills. Perhaps this flaw of attention-training regimes is 
best epitomized by an analogy: current attempts focus 
on training attention as if attention was a specific mus-
cle, or set or muscles, so they train attention as a body-
building regime might train a specific muscle. Instead 
attention-training regimes should aim to be analogous 
to training a dancer, who successfully coordinates skill 
interplay across specialized and general systems.

One consequence of the proposed framework is that 
it suggests novel strategies for improving outcomes in 
children with neurodevelopmental disorders of atten-
tion. If attention-training regimes place an emphasis on 
visual feedforward processes as well as on low-level ori-
enting mechanisms, it may be possible to subsequently 
achieve better cortical integration and network connec-
tivity. Studies of attention during ageing — which is asso-
ciated with a decline in perceptual and working memory 
processes — suggest that such a training approach may 
be fruitful. Gazzaley and colleagues have shown that, 
in older adults, training interventions to improve the 
perceptual precision of stimulus representations also 
resulted in improvements in working memory172.

We suggest that repetitive attention training does 
not automatically improve long-range corticocortical 
connectivity and integration, which are necessary for 
plasticity and transfer to untrained functions, both in 
childhood and in the ageing. Indeed, following inten-
sive working memory training in neurotypical children, 
individual differences in the magnitude of transfer to 
untrained tasks correlate with changes in network con-
nectivity at rest, and in particular connections between 
attentional frontoparietal and specialized processing 
areas in the IT173. Perhaps the best way to facilitate trans-
fer of attention training is to first understand better the 
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mechanisms through which functional connections 
between attentional networks and specialized networks 
are modified by training.

Conclusions and future directions
The findings on attention development discussed in this 
Review highlight how studying attentional circuits or 
processes in isolation is not sufficient. This is because 
reaching the efficient adult attentive state involves the 
coordination of perceptual development, the strength-
ening of functional connections and interactions with 
memory processes. A full understanding of attention in 
the adult therefore requires an understanding of devel-
opmental trajectories. Here, we have highlighted how 
attention influences memory processes over the course 
of development and vice versa. Furthermore, our over-
view of visual attention in neurodevelopmental disorders 
highlights the interplay of genetic and environmental 
influences on visual attention mechanisms. This type of 

interdisciplinary approach is critical to understanding 
visual attention and ultimately developing treatments for 
disorders in which visual attention is impaired, including 
effective attention-training protocols.

An emerging future direction for the cognitive neuro-
science of attention may therefore be the identification 
of the developmental origins of attention dysfunction, 
in the hope of rehabilitating a less-than-efficient system 
through the strengthening of relevant network connec-
tivity from the ground up. This strategy has the poten-
tial to improve visual attention network dynamics and 
thus the learning and memory mechanism with which 
they are coupled. Beyond attention training specifi-
cally, we argue more broadly that the development of 
attention function occurs through the functional cou-
pling with perceptual and memory systems. Cognitive 
neuroscience may therefore benefit from focusing on 
the coupling of systems rather than on treating these 
processes separately.
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