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Can babies think? A fundamental challenge for cognitive neuroscience is to answer when brain functions begin and
in what form they first emerge. This is challenging with behavioral tasks, as it is difficult to communicate to an infant
what a task requires, and motor function is impoverished, making execution of the appropriate response difficult.
To circumvent these requirements, neuroimaging provides a complementary route for assessing the emergence of
cognition. Starting from the prerequisites of cognitive function and building stepwise, we review when the cortex
formsand when it becomes gyrated and regionally differentiated. We then discuss when white matter tracts mature and
when functional brain networks arise. Finally, we assess the responsiveness of these brain systems to external events.
We find that many cognitive systems are observed surprisingly early. Some emerge before birth, with activations in
the frontal lobe even in the first months of gestation. These discoveries are changing our understanding of the nature
of cognitive networks and their early function, transforming cognitive neuroscience, and opening new windows for
education and investigation. Infant neuroimaging also has tremendous clinical potential, for both detecting atypical
development and facilitating earlier intervention. Finally, we discuss the key technical developments that are enabling

this nascent field.
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The poverty of the infant motor repertoire and
the lack of evident voluntary actions led to the
false impression that the infant’s mental life was
poor and empty or, in a contrary view, filled of a
“blooming, buzzing confusion,” yielding a similar
disconnect with the external world. Yet, for the last
several decades, developmental cognitive science
has revealed particularly tantalizing glimpses into a
surprisingly competent infant, as, at birth, neonates
are able to recognize their native language,’
imitate adults’ facial and gestural movements,® and
discriminate numbers.* In addition, long before the
end of the first year of life, infants rapidly develop
social competencies,® interpret actions in relation
to an actor’s goals,® represent hidden objects,” and
display syntactic computations.®

However, identifying the age of emergence of
many cognitive functions remains challenging.
Young children find it difficult to understand what
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tasks require of them and to make appropriate
responses. This limits the inference thatis possible. A
response to a task can provide evidence that a cogni-
tive function is present, but there are many possible
causes for an absence of a response, and an absent
response does not imply that the cognitive function
is absent. As a result, estimates of the emergence
of many cognitive functions have been unstable,
reducing substantially as new paradigms have been
developed (e.g., theory of mind (from 4 years in
2001° to 6 months in 2010'%) and episodic memory
(from 1-2 years in 1984!! to birth in 1994!%)). A
complementary strategy for assessing cognition that
can provide a rich additional source of information
is the use of neuroimaging modalities, which do
not require the infant to understand a task or make
a purposeful response. Furthermore, this method-
ology provides access to the neural architecture
and the changes that underlie human cognitive
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development, providing a crucial bridge to animal
models and revealing what is shared or specific
to humans. We focus here on prenatal and infant
development. This nascent but growing field is
fundamentally shifting our understanding of the
ontogenesis of cognitive functions in the human
brain.

We review evidence on the emergence of cog-
nition from neuroimaging. Building stepwise from
the foundations, we ask when the requisite cortical
development takes place, when connecting tracts
are formed, and when cortical networks begin func-
tioning and processing information from the senses,
followed by a synthesis of these steps. We aim to
elucidate the main differences between humans and
other primates before education and the cultural
environment shaping the infant brain. How differ-
ent are the infant and adult brains? Can a better
understanding of the neural architecture in children
help to explain their prodigious learning capacities?
We further assess the potential of neuroimaging to
detectatypical development and review the method-
ological developments that have facilitated infant
neuroimaging (Box 1).

Neurogenesis and maturation of the cortex

A fundamental prerequisite for the emergence of
cognition is the growth of the cortex. Early in
gestation, neurogenesis occurs in the ventricular
zone and cells migrate radially along a glial scaffold
toward the pial surface;'* by mid-gestation, the
cortical plate has appeared. Initially, cells in the
cortical plate are oriented in a regular radial struc-
ture perpendicular to the pial surface. During the
second and third trimesters, proliferative processes,
synaptic formation, and dendritic arborization
thicken the cortical plate, further delineating the
cortical layers and transforming the cortical archi-
tecture from a radial arrangement into a complex
and dense arrangement.!* Diffusion magnetic
resonance imaging can provide access to these
microstructural developmental processes in vivo
by quantifying changes to the rate and principal
direction of water diffusion within the cortex. The
initial radial organization of the cytoarchitecture
results in a larger relative fraction of water diffusion
perpendicular to the cortical surface, indexed by
fractional anisotropy (FA). With maturation, as
the cortical plate begins to thicken and diversify,
the movement of water becomes hindered equally
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in all directions until, by 40 weeks gestation, FA
in the cortex is indistinguishable from zero.'>!
This process does not occur simultaneously across
the cortex, but along a distinct developmental
gradient. The rate of change in FA is significantly
greater in the frontal, temporal, and parietal
cortices during the third trimester, compared to the
primary sensory cortex, where FA approaches zero
by around 27 weeks gestation,'>!7 demonstrating
marked regional variations in cortical maturation
that may reflect the borders of areal specialization.

Gyrification and the specialization
of the cortical regions

A critical component in the development of com-
plex brain function is the differentiation of cortex
into regions with specialized architecture and
function. Regional brain function is associated with
both the brain’s microstructure (e.g., Brodmann’s
areas) and its macroanatomy, its sulci and gyri (e.g.,
the primary auditory cortex is found on Heschl’s
gyrus). It is thought that the formation of gyri and
sulci is driven by the development of functional
circuits, although there is controversy regarding
the mechanism: axonal tension from white matter
tracts,'® differential growth of the cortical layers
within and across gray matter regions,'® or diffusion
of morphogens.”® Gyrification is thus a marker of
regional specialization, which can be quantified
using magnetic resonance imaging (MRI) and
provides further insight into patterns originally
reported in postmortem histological studies.*"*
Cortical gray matter volume increases fourfold
between 30 and 40 weeks gestation;>® this growth
is achieved predominantly through an increase
in surface area as the developing cortex begins to
fold. Cortical gyrification follows a well-established
developmental template: from around 14 weeks
gestation, the primary sulci, including the Sylvian
fissure, and the cingulate and parieto-occipital sulci
begin to form, with secondary sulcation established
by the normal time of birth.?> Despite individual
variation, the spatial distribution of deep primary
and secondary sulci is consistent and relatively stable
after birth.?>»2> In preterm neonates, sulci deepen
dramatically between 25 and 35 weeks gestation.?
The macroanatomy of the brain is thus in many ways
surprisingly mature by birth. Longitudinal MRI in
healthy neonates has demonstrated that gyrification
only increases modestly after birth (16% in the first
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Box 1. Challenges and technical developments in infant neuroimaging
Magnetic resonance imaging (MRI)

Scanning hardware. Smaller coils tailored to the infant head can provide higher signal-to-noise ratios,'®’”
particularly for premature infants.

Hearing protection. It is important to protect infants from acoustic noise. Earplugs are helpful, although it
can be difficult to keep them inserted in small ear canals. Ear defenders can be easier to use, although they may
not fit in small head coils. Newer scanners and tailored scanning sequences can also reduce noise.

Motion. Subject motion remains a prevalent issue. Infants move with a different spatial and temporal pattern
of movement to adults (Cusack et al., submitted). The degree and pattern of motion can contaminate estimates
of resting-state connectivity in particular, artificially enhancing connections between anatomically
approximate regions while diminishing connections between regions further apart (especially anterior—
posterior connections due to pitch movement). As an additional confound, regions laterally oriented to one
another demonstrate greater correlation increases due to motion than other orientations. This has necessitated
the advent of motion-correction procedures (i.e., “scrubbing”), which reduce this source of colored
noise.'”1%> Concerns regarding subject motion during acquisition have also led to infants being sedated for
studies.®®”! While resting-state networks can be detected in sedated subjects, use of these medications affects
measurements and limits comparability'**~'*8 and is incompatible with cognitive studies.

In infants less than a few months of age, motion can be reduced using a swaddling vacuum-restraint cushion
(http://cfimedical.com/medvac/). Older infants, however, do not like these restraints. Where wakefulness is not
important for the study, encouraging infants to sleep in the scanner can reduce motion. In our experience,
newborns sleep easily, but by 9 months only half of infants will sleep and remain asleep, even at night.
However, there are likely measurable differences between subjects resting quietly and those at different stages
of sleep.!>*711 Accurately identifying the arousal state of infants requires simultaneous electroencephalography
(EEG) monitoring, which is not yet typically performed owing to data-acquisition complexities.'®*

Multiband echo-planar imaging (EPI). Multiband EPI sequences provide substantial acceleration (2-9) of
diffusion and functional MRI (fMRI). This has two potential benefits: reduced sensitivity due to motion from
the higher sampling rate (Linke et al., submitted) and an increase in the quantity of data and improvement in
the signal-to-noise per unit time.

Brain atlases. The size and cortical folding of the brain varies dramatically during early brain development.
Thus, it is important to use an age-specific target atlas for resting-state fMRI studies and correlated studies
involving tissue identification/segmentation or comparison of brain structure across groups. Such atlases for
developmental periods from early gestation through childhood are now freely available (e.g.,
www.brain-development.org'*1%%). However, precise brain segmentation in white and gray matter remains
difficult during the first year of life.

Differences in the hemodynamic response. The fMRI signal originates from the draining venules and veins.
In adults, the signal is a broad positive peak with a peak lagging neural activity by 5-6 seconds. In infants, this
response is later,”” and it has a different morphology in newborns, with a positive and negative lobe.'®* It is
important to account for this in two ways'®>—when selecting stimulation paradigms to give maximal power
and when performing data analysis.

EEG, near-infrared spectroscopy (NIRS), and diffuse optical tomography (DOT)

EEG remains a convenient, portable, and powerful technique, with high-density recordings now available,
even for premature infants. The connectivity and spectral distribution of brain activity can be measured, and
precise temporal information can be obtained from averaging time-locked responses (event-related
potentials). Combined with brain atlases and source reconstruction to recover the neural origins of the surface
voltage, EEGs could also be of a crucial help in identifying infants at risk. NIRS and DOT provide alternatives
to fMRI, measuring changes in the transmission of light by hemodynamic responses to brain function, and are
particularly convenient for cognitive studies into childhood.
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year and 6% in the second?’), and that postnatal
changes are predominantly in the heteromodal
association cortex rather than the primary senso-
rimotor, auditory, and visual cortices. Recently, in
utero examinations of fetal cortical development
have mapped the nonlinear relationship between
cortical curvature and age, with peak increases
evident around 30 weeks that are largest in the pos-
terior temporal and parietal lobes and lowest in the
frontal, medial temporal, and cingulate cortices.*®
As the cortical folding pattern is primarily estab-
lished by the time of birth, it stands that sulcal
development may represent an early anatomical
marker of later functional specialization in the cor-
tex. One such example is the developmental asym-
metry of the superior temporal cortex, which is a
specific human landmark.” Postmortem evidence
shows that the emergence of the superior tem-
poral gyrus in the right hemisphere precedes the
left by several days.”” Asymmetry in the perisyl-
vian region is evident through the perinatal period
in preterm neonates;’*® has been closely charted
in utero’*? and is present in healthy term-born
infants, although it appears to evolve little in the fol-
lowing years.?” Interestingly, these structural asym-
metries are observed in regions hosting important
human cognitive functions (language on the left,
social cognition on the right), elements of which are
evident even at very early ages,” ¢ suggesting that
they are an early foundation for the development of
these functions in the brain. However, as a caution,
it should be noted that structural and functional
asymmetries do not appear to be tightly related.

The development of structural connectivity

The next prerequisite for effective cognitive func-
tioning is the development of white matter connec-
tions between cortical regions and with the brain
stem. The emergence of major axonal pathways from
the basal forebrain and thalamus begins around
10 weeks gestation.”” Afferent projections extend
toward the cortex and are initially organized within
the subplate, a neural layer lying between the white
matter and the cortex during development.®®* Tt
is a transitory layer, reaching maximum thick-
ness between 22 and 34 weeks gestation.* Struc-
tural MRI of healthy fetuses in utero during the
early weeks of this period reveals a pattern of
regional growth in the subplate that mirrors cortical
development.*! During an initial “waiting period,”
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the subplate is thickest beneath the developing pri-
mary somatosensory and auditory cortices, with
substantial weekly growth also evident in the occip-
ital region, but not the frontal subplate. In senso-
rimotor regions, the subplate begins to diminish at
around 34 weeks, but it remains subjacent to the
prefrontal cortex until around 6 postnatal months,
a pattern reflecting the heterogeneous developmen-
tal timing of thalamo- and corticocortical afferents
arriving in each region.*>*?

Thalamocortical afferents gather in the subplate
from around 20 weeks, and the formative cingulum
bundle is visible connecting the frontal and pari-
etal regions from around 17 weeks.”” These large
fiber systems are visible on MRI, and Takahashi
et al. have provided a timeline for the development
of cerebral and cerebellar connections from 17 to
40 weeks gestation using high-resolution post-
mortem fetal diffusion tensor imaging. After
the regression of dominant radial cell migration
pathways,** long-range cortical association and
projection tracts become visible at around 17—
20 weeks.’”*° After 24 weeks, short-range cortic-
ocortical pathways become apparent in parietal and
frontal regions, resulting in the eventual formation
of an adult-like pattern of connectivity by term. >4
These observations have recently been replicated in
healthy fetuses in utero.”

Axonal connectivity is intrinsically linked to cor-
tical development.!® The concurrent and possibly
complementary mechanisms of increasing axonal
tension between connected regions and differen-
tial cortical layer expansion result in gyrification
with increasing cortical volume.*®° The linked
developmental trajectory of anatomically connected
structures is well documented and evidenced by
the joint volumetric growth of connected struc-
tures over time or among populations.5 'In preterm
infants, total cortical volume is strongly corre-
lated with both thalamic volume and the mat-
urational state of the interconnecting projection
fibers.”? In healthy neonates, increases in corti-
cal volume over the first 2—-3 weeks of life, which
are most prominent in frontotemporal regions, are
synchronized with the micro- and macrostructural
development of anatomically correspondent thala-
mic substructures.”> In a more direct assessment,
Melbourne et al.>* used probabilistic diffusion trac-
tography to trace corticocortical and corticospinal
tract systems in a cohort of preterm infants. They
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found that the degree of connectivity (i.e., the
number of connective stream lines terminating in
the cortex) correlated with the amount of cortical
sulcation in target regions, demonstrating a close
relationship between white matter connectivity and
cortical development that is established by the time
of normal birth.>*

The importance of thalamocortical connectivity
in higher-order cognitive functions has been
discussed extensively: thalamocortical connections
project to the majority of the cortex in a set of
parallel and segregated corticothalamic loops.>
Higher-order thalamic nuclei are thought to mod-
ulate corticocortical neural transmission via these
loops, promoting interareal cortical integration
and distribution of information across the cortex to
support high-level cognitive functions.”®>” There-
fore, it is likely that the perinatal development of the
thalamocortical system will also affect higher-order
function. Ball et al.®® explored this hypothesis in a
cohort of preterm infants at term-equivalent age,
using anisotropy along connective pathways as a
surrogate marker for white matter development
and structural connectivity in the thalamocortical
system. In a combined model, incorporating
gestational age at birth and parental socioeconomic
status, thalamocortical connectivity in the neonatal
period was found to be significantly associated
with cognitive performance at 2 years of age. In
adults, efficient information processing between
brain regions relies on the integrity of white matter
tracts;” these data demonstrate that the perinatal
period is crucial for the establishment of connective
white matter tracts, with long-term impact if
development or maturation is delayed or disrupted.

Beyond specific fiber systems, the structural
organization of the brain can be conceptualized as a
network, with graph theory providing a suite of
quantitative metrics to describe both global and
local topological network properties. ° In the adult
brain, structural connectivity is centered on a set
of highly connected hub regions, predominantly
located in heteromodal association and thought to
enable efficient information processing and support
a diverse range of dynamic functional network
configurations among connected regions.®*> These
“rich-club” regions display a high level of inter-
connectivity, forming a communication backbone
in the brain® comprising the frontal and parietal
cortex, precuneus, cingulate, and the insula, as well
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as the hippocampus, thalamus, and putamen.®!
Recently, studies have begun to investigate the
development of structural connectivity during the
perinatal period. Ball et al® found that many
aspects of complex network architecture, including
rich-club topology, were in place by 30 weeks
gestation. Importantly, these structural networks
were topologically similar to those observed in
adults, with densely connected hubs present in
the medial frontal and parietal cortex, precuneus,
hippocampus, and insula. Between 30 and 40 weeks,
connectivity increased between hub regions and
the rest of the cortex in a manner compatible with
the development of the rich club as a founda-
tion for information transfer across the cerebral
network.* In a similar study, van den Heuvel
et al® also demonstrated the stark similarities
between neonatal and adult connectomes, revealing
an 85% overlap of connections. Importantly, the
development of structural connectivity, founded
upon the development of large-scale white matter
tracts during this period, also appeared to support
the emergence of functional connectivity before the
normal time of birth.%

Resting-state networks

By term age, the cortex has acquired a complex
laminar structure and has differentiated into
distinct, specialized regions. Mature connective
tracts have developed. The structural foundations,
therefore, appear to be present for cortical networks
to be functional. While it is known that structural
and functional connectivity are interrelated, they
are not identical. As such, which networks, if any,
have begun to be active during each developmental
period? This can be captured using resting-state
functional magnetic resonance imaging (rs-fMRI),
which measures spontaneous fluctuations in
regional brain activity in the absence of stimulation
or goal-directed activity. In adults, low-frequency
fluctuations (<0.1 Hz) have revealed a number of
canonical networks demonstrating synchronous,
spontaneous neuronal activity, termed resting-state
networks (RSNs),% associated with various cogni-
tive functions and affected by neurological disease
and cerebral injury.®’

Beginning with Fransson et al. description of
five rudimentary networks in very preterm infants
at term-equivalent postmenstrual age (PMA),%
use of rs-fMRI to study infant populations has
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Figure 1. Group mean resting-state functional magnetic res-
onance imaging correlation maps demonstrating canonical
resting-state networks in 25 healthy, term-born infants (mean
gestational age at birth 39.4 weeks, mean postmenstrual age at
scan 39.5 weeks). Depicted are medial and lateral views of the
(A) somatomotor network generated using a left motor cortex
seed, (B) visual network generated using a left visual cortex
seed, and (C) default mode network generated using a poste-
rior cingulate cortex seed. The illustrated quantity is the Fisher
Z-transformed correlation coefficient (z(r)), averaged over sub-
jects; color threshold (z(r)) > 0.18. Results are overlaid on a
neonate-specific mid-cortical surface reconstruction.

expanded rapidly.®*3* Progressively, younger sub-
jects have been studied, including healthy, term-
born infants and neonatal populations of clini-
cal interest. Despite differences in populations and
acquisition and analysis techniques, consistent pat-
terns have emerged. Multiple canonical networks
are present early in infancy. These comprise corti-
cal, subcortical, and cerebellar regions and include
networks incorporating primary motor and sen-
sory cortices (e.g., somatomotor, visual, and audi-
tory networks) and those involving association cor-
tices (e.g., default mode, frontoparietal control,
and dorsal attention networks) (Fig. 1).71:7379:80:82
Many of these networks consist of strong inter-
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hemispheric connections between homotopic coun-
terparts, with intrahemispheric correlations present
but often quantifiably weaker. Early thalamocorti-
cal connectivity is also evident.”"#2#> The topology
of these networks is similar in many ways to those
obtained in adult and older pediatric populations.
Importantly, recent investigations have suggested
that rs-fMRI signal frequencies and select cortical
and subcortical network measures relate to domain-
specific neurodevelopmental outcomes during early
childhood.®>%¢ In a longitudinal investigation,
neonatal connectivity between the thalamus and
salience network was related to working memory at
2 years of age.® In the same cohort, spectral power
in the motor and visual networks related to domain-
specific performance at 1 year of age.®® The persis-
tence of these relationships into middle childhood
and the role of these and other networks in determi-
nation of normal and aberrant neurodevelopmental
outcomes remains an area of ongoing investigation.

Studies in very early preterm infants and fetuses
have found that these networks are identifiable early
in gestation.”!828788 Their development is shaped
by the complex interplay between genetics, anatomy,
endogenous activity, and external stimuli. The rate
at which correlations within and between networks
develop differs, reflecting the known rates of
histological cortical and white matter development
previously detailed.”*®* 1In these studies, net-
works incorporating primary motor and sensory
areas (cortical regions known to mature early)
are well established by term postmenstrual age,
with topology and strength reflecting adult-like
patterns. These networks demonstrate less vari-
ability between subjects. In contrast, higher-order
networks incorporating heteromodal association
cortices (later-developing regions) are also identi-
fiable at term, though frequently in less complete
forms. Alternatively, these networks mature gradu-
ally over the first years of life, reflecting known rates
of cortical maturation. Further still, application of
advanced analytic approaches, including graph the-
oretical methods and multivariate pattern analysis,
reveals that these networks exhibit organizational
features, including “small world” characteristics,
comparable to those identified in assessments of
structural connectivity.

It remains unclear how the early establishment
of rs-fMRI networks reflects the neurophysiological
maturation of the cortex. Electroencephalography
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(EEG) recordings in preterm neonates are charac-
terized by the existence of intermittent and focal
bursts of activity, or spontaneous activity tran-
sients (SATs), the appearance of which appear to
coincide with the formation of early circuitry in
the subplate.*”®® During the third trimester, SATs
begin to synchronize across hemispheres and are
eventually supplanted by continuous (albeit rel-
atively low-frequency) EEG oscillations.””?! In a
recent study, Omidvarnia et al.”> demonstrated the
reorganization of spontaneous events into spatially
synchronous EEG networks that were present by
term-equivalent age. That the developmental time-
lines of rs-fMRI and EEG network synchrony are
not coincident is perhaps unsurprising, given the
differences in spatiotemporal sampling and driving
neurophysiological processes of the two methods.
However, it has been suggested that the early for-
mation of fMRI RSN is sensory driven and may
subserve the formation of developmental circuitry
that drives emergent EEG oscillations by the time
of normal birth,”® possibly priming the brain for
higher-order processing.

Hello, world! Cognitive processing
of sensory information

At term, neurocognitive networks are structurally
mature in many ways, and resting-state studies show
they are functioning as a coherent network. Are they,
however, receiving and processing information from
the senses?

During the last decade, functional brain imaging
in infants has shaken two dogmas. First, contrary
to the views of an initially equipotential brain,”*%
a complex functional organization is observed even
in the fetal period, and the anatomical asymmetries
already observed during fetal life have functional
counterparts. A functional asymmetry at the level
of the planum temporale is robustly observed with
fMRI and near-infrared spectroscopy (NIRS) favor-
ing the left side when stimuli with fast transitions
are presented and the right side when the spectral
dimension is predominant.”*~1%? This leftward bias
is selective and is not seen for all auditory stimuli.
For example, activations are larger in the left planum
for speech but symmetric for music within the same
3-month-old infant (Fig. 2). As in adults, these func-
tional asymmetries appear to be context dependent,
and Perani et al.'® reported a right advantage for
music in their study where only music stimuli were
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Figure 2. Boxplot of 2.5-month-old infants’ activations aver-
aged over the left (red box) and right (green box) planum tem-
porale for speech (mother’s voice and an unknown mother’s
voice) and music (a Mozart piano sonata). The activation is sig-
nificantly larger for speech in the left than the right planum. It
is not the case for music.”®

presented, contrasting with the 3-month-olds’ study
in which two-thirds of the stimuli were speech,
probably orienting the infants’ attention toward
the speech dimension. In experiments studying dis-
crimination responses with event-related potentials
(ERPs), a change of stimulus is suddenly introduced
after several repetitions of the same stimulus. The
mismatch responses have the same latency but a dif-
ferent topography for a change of voice and a change
of phoneme. It suggests that the two features are
coded in parallel by two different networks.!%>!%4
Different mismatch responses are also observed in
the case of visual changes concerning either the iden-
tity of the stimuli or their number.!% Models of the
brain sources of these responses are congruent with
the known brain areas involved in similar compu-
tations in adults. All these results demonstrate that
the massively parallel organization of the adult neu-
ral architecture is a property observed in the brain
from the first stages of cognition.

The second notable result revealed by brain imag-
ing is the involvement of high-level regions in
infants’ cognition during the first months of life.
Frontal areas that were previously assumed to be
too immature to be functional in infants are repeat-
edly observed in fMRI studies. The RSNs comprise
a frontal component from the fetal period on,”!
and studies using stimulation reported robust
activations in this lobe. It is not a general response of
the whole lobe; distinct areas are involved depend-
ing on the task. When the verbal working memory
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Figure 3. Functional magnetic resonance imaging activation
to the mother’s voice (top) and to an unknown mother (bottom)
in 2- to 3-month-old postterm infants projected on a 3D recon-
struction of an individual infant.”® The mother’s voice amplifies
the response in the posterior temporal region and the median
prefrontal region, whereas the response is decreased relative to
the unknown voice in the orbitofrontal cortex, amygdala, and
putamen.98

is engaged, significant responses are measured in
the inferior frontal regions,” whereas longer-term
memory of the prosodic contours of the native lan-
guage appeals to the dorsolateral prefrontal region in
relation to the inferior parietal region, locus of the
phonological store in adults.”® Distinct responses
to the mother’s voice and to an unknown female
voice are observed in the median prefrontal and
orbitofrontal areas®® (Fig. 3), similar to activations
to familiar/unfamiliar stimuli in adults.'” These
observations challenge the classical view of a pro-
gressive organization and specialization of the brain
from low-level to higher-level regions, but might
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support recent theories suggesting that abstract
representations might accelerate learning (“the
blessing of abstraction”!%”). However, it is also pos-
sible that, when frontal activations are observed
in infants, they may be at the end of a chain of
connected regions without operational feedback on
lower regions at an early age.

How do these architectures develop before
term? Evoked response to auditory and visual
stimulations has been recorded in fetuses and
preterm infants from 6 months of gestation on,
using magnetoencephalography,!®®-!!! EEG,!!»!13
and MRL!"*!1> As explained above, thalamocortical
connectivity and the organization of the cortical lay-
ers are still far from the mature stage. Nevertheless,
neural activity is already organized in structured
networks with specific biases. For example, the
discrimination of a consonant difference (/b/ versus
/d/) activates a set of frontotemporal regions, com-
prising the left and right inferior frontal regions,
whereas the perception of a change of voice (male
versus female) was weak and mainly observed in the
right inferior frontal region when NIRS was used
in 30-week gestation preterm infants'** (Fig. 4).

Preterm infants may react to external stimula-
tion, but may not be ready to learn. Indeed, the loss
of discrimination of foreign phonetic contrasts that
classically occur later in the first year of life depends
on the maturational age and not on the dura-
tion of exposure to the ex utero environment.!1®117
In other words, the developmental trajectory of
preterm infants was not accelerated by their earlier
exposure to speech and face-to-face exchange with
their parents,'!” suggesting that the external world
does not influence the phonetic repertoire during
the first weeks of life and thus that learning needs
a more mature circuitry reached a few weeks later
to stabilize and memorize the external world.!'®!1
Note that other capacities such as binocular
perception,'?® gaze following,!*! or sensitivity to
the phonotactic rules of the native language'?’ are
advanced in healthy preterm infants relative to
full-term infants, suggesting a different sensitivity
to external stimulation between domains but also
within a given processing pathway, owing to differ-
ent tempos of maturation.!'® These results under-
score that, in order to evaluate neonatal care and
preterm infant outcomes, it is necessary to precisely
evaluate development in terms of cognitive sys-
tems and brain networks and not confine studies to

14 Ann. N.Y. Acad. Sci. 1369 (2016) 7-23 © 2016 New York Academy of Sciences.
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Phoneme change

The emergence of cognition

Right

[

Voice change

.

Figure 4. Responses to a change of voice and a change of phoneme measured with near-infrared spectroscopy in 30 weeks

gestation preterm neonates projected on a 3D reconstruction of an individual preterm brain.

104 Speech syllables strongly activate

the perisylvian regions from the temporal until the frontal areas with, in general, larger response in the right hemisphere, except in

the posterior temporal region, in which the responses are faster and more prolonged on the left than on the right. The left inferior

frontal region reacts only to a change of phoneme, whereas the right responds to change of phoneme and a change of voice.

general capacities as reflected by IQ. This approach is
crucial in order to understand why preterm infants,
even with no visible lesion and no risk factor beyond
their preterm birth, nevertheless display a higher
risk of cognitive deficits than full-term infants.!’
If major structural and functional networks are
in place from an early age, what is happening dur-
ing development? The refinement of the micro-
circuitry through synaptogenesis and pruning, but
also through the modulation of neurotransmitters,
accompanied by an acceleration of the information
transfer thanks to myelination, accelerates neural
processing and improves their efficiency. Acceler-
ation is certainly a crucial factor during the first
year of age, easily seen with ERPs. The latency of
the visual P1 increases from 300 ms at birth to
100 ms (the adult latency) around 12 weeks of life.
This acceleration is correlated with a decrease in
transverse diffusivity and an increase of FA, two
markers of myelination, in the optical radiations.'*
Note that myelination has two roles during devel-
opment: the first aims at increasing speed, while
the second maintains the same speed in a growing
and thus larger brain. These two aspects are often
mistaken when adults and infants are compared. By
contrast, components reflecting higher levels of cog-
nition remain slow. For example, the late-slow wave,
which is speculated to be the infant equivalent of the
P300, has a latency around 700-1000 ms after the
stimulus,'?>12% even at the end of the first year of life.
These slow waves are usually elicited in functional
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paradigms in which attentional orientation, con-
text memory, and conscious perception have been
demonstrated. As maturation is not homogeneous
across the brain, we may wonder how speed in differ-
ent networks might affect infants’ computations. In
models of hierarchical predictive coding,'”1?7 faster
computed representations may procure a gain rela-
tive to slower ones in order to update expectations in
higher-level regions. Thus, it might be a productive
approach to further consider the temporal dimen-
sion of the infant functional architecture. As the
child is a prodigious learner, a better understanding
of the dynamic properties of the infant neural archi-
tecture may help to develop new models of learning.

The emergence of cognition

Taken together, these converging results reveal thata
rich set of neurocognitive functions emerge early in
life, which was largely inaccessible to investigation
before infant neuroimaging. Perhaps most surpris-
ing is the young age of maturation of neurocognitive
networks of higher-level function. For example, by
less than 6 months corrected age,” the frontoparietal
executive control network has developed a cortical
laminar structure, developed cortico- and thalamo-
cortical connections, begun functioning as a coher-
ent network, and is selectively processing engaging
stimuli from the environment.

“Past the expected date of full-term delivery.
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Infants, of course, still have much to learn. But,
what the neuroimaging evidence is suggesting is that
this learning takes place within cognitive machin-
ery that is already broadly structured in many ways
like an adult’s. As an analogy, an adult learning
to tango may be enormously incompetent at the
task to begin with. Given time, the necessary repre-
sentations are pieced together, and expertise devel-
ops. However, this learning is considered to take
place largely within existing neurocognitive net-
works and, at least at a broader scale, to leave them
unchanged. This model of infant development chal-
lenges the conventional bottom-up view of cognitive
development as a progressive involvement with age
of higher-level regions, as well as the view of poorly
specified initial networks that are progressively spe-
cialized through interactions with the environment.
It suggests that the particular human brain archi-
tecture not only is a key factor in the cognitive suc-
cesses of human adults but also provides a biological
framework favoring learning from start.

This framework poses some intriguing questions.
Why is this specific neural architecture efficient in
learning? What are its computational properties?
What are the limits of plasticity (e.g., after a lesion)
and what variability of input (compared the sensory
input of a fetus and of a preterm infant) is possi-
ble before cognitive development is impaired? If a
3-month-old infant has “executive function,” what
does this comprise, and why is it not more apparent
behaviorally? The answer may lie in the cognitive
demands placed by an unfamiliar world. Dual-task
experiments have shown that adult executive func-
tion degrades when accompanied by a demanding
second task, with even standing upright perceived
as degrading when adults are given a demanding
task.!”® Given the infant’s lack of expertise with
the world, there are few environments that do
not present a host of absorbing distractions. These
implicit dual tasks would challenge any executive
system and may explain the lack of more appar-
ent sophisticated executive behavior. Developing
this idea further, infants are perhaps in even more
need of executive function than adults. Given adults’
ability to recognize situations and recall learned
associations, they can operate automatically in
many ways, sometimes with little intervention from
executive control (as any visitor to Las Vegas will
testify). Infants, however, are presented continu-
ously with an enormously complex puzzle and must
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focus on what is important and piece the parts
together. If anything, they are more in need of exec-
utive control.”

This framework is applicable to other cognitive
domains, such as working memory and social cog-
nition. Neuroimaging has provided evidence that,
at a young age, these cognitive functions may have
ignited. However, additional demands are placed
on each system by a lack of knowledge: an inability
to group items into chunks may increase working
memory demands, and a lack of knowledge of social
scenarios may constrain social cognition. Further-
more, the slowness of the information transfer may
impair integration. For example, depending on the
context, 4-month-old infants remember the identity
of objects or their localization,'?’ and integration
of the features processed by the ventral and dorsal
visual system is not realized before 12 years.'*

To summarize, neuroimaging shows that many
neural networks mature early. Finer neural tuning
within these networks, including synaptic develop-
ment and pruning, will then take place as learn-
ing proceeds. Going forward, the challenge will
be to identify when different levels of representa-
tion develop within emerging cognitive systems. To
address this, there is great potential in neuroimaging
with multi-voxel pattern analysis methods'*"!*? to
disentangle the emerging representational geome-
tries within brain regions.'*

Potential of neuroimaging to detect
atypical development

Many infants are born very prematurely or sus-
tain perinatal brain injury, which places them at
higher risk of neurodevelopmental disorders. Early
identification of the functional consequences of
brain injury is important, so that interventions
can be administered as soon as possible. However,
early assessment is difficult owing to the limited
behavioral and communicative repertoire of young
infants. The current standard of care is largely to
adopt a “wait and see” attitude—if there is func-
tional damage, it will become apparent as the child
develops. Unfortunately, by the time this happens,
the windows of neural plasticity when interventions
are most effective may have closed.

®And thanks to childhood amnesia, what happens in
infancy stays in infancy.
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As the healthy trajectory of neurocognitive devel-
opment begins to be better understood, there is
increasing potential for neuroimaging to be used
to detect atypical development. The many different
kinds of neural measurement summarized in this
review can be informative.

Taking prematurity as an example, many studies
have attempted to quantify the relationship between
early brain development, premature birth, and
neurodevelopmental outcome. Increased mean dif-
fusivity (an indicator of poor white matter organi-
zation and/or delayed maturation) in the central
white matter at term-equivalent age is associated
with lower developmental scores at 2 years of age.!**
This association persists through early childhood
and into adolescence'*>~!*” and appears to underlie,
in part, the attentional deficits often seen in preterm
children,!3%13

In the cortex, FA in the cortex is linked to
regional cortical growth, and both the rate of FA
change in the cortex and the rate of cortical growth
between 24 and 44 weeks have been shown to
correlate with adverse developmental outcomes in
early childhood.!”!" Cortical volumes are signif-
icantly reduced in preterm infants, particularly in
the presence of the focal white matter injuries that
can result in severe motor outcomes, such as cere-
bral palsy.!#"!43 In the absence of such lesions,
Boardman et al.'** described a composite pheno-
type comprising increasing white matter diffusiv-
ity and volume loss in the basal ganglia that was
present in 66/80 preterm infants at term-equivalent
age and predicted poor cognitive performance
2 years later. Coupled with recent evidence that
the maturational state of thalamocortical tracts is
also associated with poor cognitive outcome,'** this
suggests that the linked disturbance of whole neu-
ral systems during early development has long-
lasting functional implications. As an example of
this, Bassi et al.!'*® used probabilistic tractogra-
phy to delineate the developing optic radiations
in a cohort of preterm infants at term-equivalent
age. They found that FA (a marker of white mat-
ter development) within the tracts correlated with
neonatal visual function."*® A second, longitudinal
study that also included MRI scans from preterm
infants as young as 25 weeks gestation found that
visual function at term-equivalent age was best pre-
dicted by the rate of increase in FA between 30 and
40 weeks.'*” This relationship between FA in the

The emergence of cognition

optic radiations and visual performance persists at
least into the first year of life!** and likely beyond,
demonstrating the importance of developing struc-
tural connectivity in the third trimester for later
function.

Disruption to functional RSNs is also associ-
ated with altered neurodevelopment, and has been
identified in a number of neuropsychological and
neurodevelopmental disorders, including autism'*®
and attention-deficit hyperactivity disorder.*” The
effect of prematurity on network development is
receiving increasing attention owing to the likely
impact of preterm birth on early brain development.
While conventional network mapping demonstrates
similar topography and qualitative results between
term and very preterm infants,°’!82 quantita-
tive measures have demonstrated that prematurity
results in network-specific reductions in network
amplitude and complexity (Fig. 5).%¢ These disrup-
tions persist through childhood.”®!**!>! In addi-
tion, early RSN are susceptible to environmental
exposures, beginning as early as the fetal period.
Recent investigations have related disruptions in
networks incorporating the amygdala, insula, and
varied cortical regions to maternal illicit substance
use.!>? Further longitudinal investigation remains
necessary to define the role of disturbances in net-
work configuration and strength due to these and
other causes in the pathway to neurodevelopmental
disability in high-risk neonatal populations.

Taken together, this evidence suggests that the
failure to reach a prescribed maturational state by
the time of normal birth may have a long-term
impact on higher-level functions. We are, however,
far from being able to predict neurodevelopmen-
tal outcome accurately on the basis of neuroimag-
ing biomarkers alone. Genetic factors, other clinical
factors, and/or environmental exposures affect early
brain development. For example, recent reports
suggest that variables, such as sex and socioeco-
nomic status, may influence functional develop-
ment in a network-specific manner.”* However, with
rapidly improving neuroimaging technologies and
advances in imaging healthy fetuses in utero, the
ability to map these important processes precisely
in vivo is improving. Combined with early stud-
ies of higher-order cognitive function, prevention
of neural impairment will improve, and the win-
dow for early therapeutic intervention will hopefully
become clearer.
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Figure 5. Group mean covariance matrices generated using 1065 cortical gray matter regions of interest. The block structure
corresponds to resting-state networks to which each region is assigned, including the dorsal attention (DAN), ventral attention
(VAN), somatomotor (SMN), visual (VIS), frontoparietal control (FPC), language (LAN), and default mode (DMN) networks.
(A) Term infants; (B) preterm infants at term equivalent PMA. Note similarity of block structure in A and B. This similarity
reflects downscaling of positive and negative resting-state functional magnetic resonance imaging (rs-fMRI) covariance values in
the preterm subjects relative to the term subjects. Figure provided courtesy of Anish Mitra.
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