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Abstract

Electroencephalography is the only clinically available technique that can address the premature
neonate normal and pathological functional development week after week. The changes in the
electroencephalogram (EEG) result from gradual structural and functional modifications that arise
during the last trimester of pregnancy. Here, we review the structural changes over time that
underlie the establishment of functional immature neural networks, the impact of certain anatomical
specificities (fontanelles, connectivity, etc.) on the EEG, limitations in EEG interpretation, and the
utility of high-resolution EEG (HR-EEG) in premature newborns (a promising technique with a high
degree of spatiotemporal resolution). In particular, we classify EEG features according to whether
they are manifestations of endogenous generators (i.e. theta activities that coalesce with a slow
wave or delta brushes) or come from a broader network. Furthermore, we review publications on
EEG in premature animals because the data provide a better understanding of what is happening in
premature newborns. We then discuss the results and limitations of functional connectivity analyses
in premature newborns. Lastly, we report on the magnetoelectroencephalographic studies of brain
activity in the fetus. A better understanding of complex interactions at various structural and
functional levels during normal neurodevelopment (as assessed using electroencephalography as a

benchmark method) might lead to better clinical care and monitoring for premature neonates.

Keywords: coalescence, connectivity, coupling, delta brush, endogenous generator, immature,
magnetoencephalography, nested activity, network, phase amplitude coupling, subplate, theta

temporal.
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Introduction

The structural and functional maturation of premature neonates is characterized by highly dynamic
changes in EEG features. By placing electrodes on the scalp, the EEG quantifies the potentials created
by electrically dynamic regions in the brain. Interpretation of the EEG must take account of these
maturation processes; the EEG changes week after week, and so electroencephalography constitutes
a unique tool for evaluating the physiological and pathological features of the brain as a function of
the gestational age. The premature neonate EEG results from synaptic interactions within the cortical
plate and subplate. The micro-scale electric fields produced by these interactions can then be
synchronized across a large set of parallel neurons into macro-scale electric fields that (if they extend
to the surface) can be recorded on the scalp [159]. In the adult, brain activity mainly corresponds to
complex networks involving the thalamocortical loop and short- and long-range cortical connections.
In contrast, the premature neonate brain activity results mainly from local and regional
developmental processes [102]. The analysis of EEGs in premature newborns must take account of
the specific features of neurodevelopment under normal and pathological circumstances. During
normal development, the macroscopic maturation of the brain (especially gyrification), changes in
bone thickness, and closure of the fontanelles affect the amplitude and spatial distribution of the
brain activities that give rise to the EEG. Pathological factors such as preterm brain injury,
intraventricular haemorrhage, white matter damage (periventricular leukomalacia), and perinatal
inflammation can influence the brain’s structure and function and thus the EEG in preterm neonates

[185].

[FIGURE 1]

On the cellular level, many mechanisms operate simultaneously (Figure 1). Cell proliferation is almost
complete at 22 weeks of gestational age (wGA) [89], radial neuronal migration ends at around 26
WGA, and tangential neuronal migration ends after birth [89]. Neuronal density, synaptogenesis, cell
differentiation, optimization, synaptic reorganization, and apoptosis are developing quickly at this
time. At between 23-25 wGA, subplate neurons start to interact with thalamic afferent fibres [83].
After 26 wGA, thalamocortical fibres start to relocate to the cortical plate [83,89]. This provides the
first direct thalamic input to the postsynaptic cortical plate neurons, connects the cortical plate to
the environment [84,85,87,88,90,91,117] and thus marks the onset of “sensory-expectant” cortical
functions [89]. During this early step in neurodevelopment, transient complex circuits comprising the
subplate, the initial cortical plate and the thalamus are involved in the processing of sensory
information [85]. At this time point, the vascular system is fragile and lacks a robust cerebrovascular

self-regulatory mechanism; this might explain the occurrence of intraventricular haemorrhage in



premature neonates [64]. The vascular system develops in parallel with the neural networks and thus
establishes the first cortical columns [54]. The subplate has an important role in the latter process
[89]. Myelinization (which will ultimately increase the speed of transmission of information and
optimize early connectivity between various structures) occurs in a gradual, asynchronous manner in
different cortical areas [38].

These and other complex processes are likely to account for the specific nature of the EEG during
maturation of the underlying neural networks. Hence, electroencephalography is the benchmark tool
for performing functional analyses with an excellent time resolution (<1 msec). In the 1950s and
1960s, Dreyfus-Brisac et al. and Monod et al. [35,119] defined a number of maturation and
prognostic criteria for premature neonates. In addition to clinical aspects, analysis of the EEG in
premature neonates provides a detailed understanding of the functional maturation of neuronal
circuits in early-stage development. The development of high-resolution 64-electrode
electroencephalography in preterm neonates below 32 wGA (Seenel Imaging®, LF Neocap) (Figure 3)
and 128 electrodes electroencephalography for those over 32 wGA (EGI ®, Geodesic sensor) (Figure
7) significantly improved the technique’s spatial resolution [106,148,150].

Electroencephalography is and will remain the benchmark method for non-invasive analysis of the

normal and pathological operation of neural networks in premature neonates.

[FIGURE 2]
[FIGURE 3]

With a view to understanding the origin of the EEG in premature neonates, the following sections
describe anatomic and functional aspects of the infant’s brain and focus on the mechanisms of
neural activity. First, we discuss the origin of the brain’s electrical activity on various spatial scales,
ranging from micro-scale electrical signals to the macro-scale signals that can be measured on the
scalp surface. We then describe the different types of EEG neurobiomarker observed in premature

neonates.

Anatomical overview of immature neural networks

Significant human brain growth occurs during the third trimester of pregnancy, with a doubling of the
whole-brain volume and a fourfold increase in cortical grey matter volume. This is also the period
during which cortical folding and gyrification take place [97]. Differential progression of cortical
folding occurs during the pre-term period; it starts slowly and then progresses quickly from around
31 wGA until term, with smaller changes after term and during early infancy. The substantial increase

in cortical folding between 31 and 39 wGA might correspond to the expansion of cortical tissue



caused by migration of neurons from the subplate into the cortex, with successive waves triggering
the primary, secondary and tertiary folding events [3,39].

The subplate is the key functional structure in the developing neonatal cerebral cortex [117]. In
premature neonates, the subplate is 1.5 to 4 times thicker than the cortical plate. It is defined as a
transient layer located above the intermediate zone and below the cortical plate in the developing
cerebral cortex [101]. In premature neonates, the subplate’s thickness peaks at around 28 wGA [85].
The population of subplate neurons is quite complex and comprises a variety of morphologically and
biochemically distinct subpopulations [88]: pyramidal-like and inverted pyramidal-like neurons,
horizontally orientated neurons, neurogliaform cells, and polymorphic neurons (see [101] for a
review). The neurons’ high electrical membrane resistance suggests that they might be excited by
small postsynaptic currents. The development of the subplate’s synaptic connectivity is depicted in
Figure 4. The subplate neurons’ inputs arise from the thalamus, the cortical plate and other subplate
neurons, while the outputs are directed to the cortex [52,125], thalamus (which might participate in
developing corticothalamic feedback loops [73,125]) and (via corpus callosum fibres) the
contralateral hemisphere. The subplate neurons’ functional role was recently reviewed by Luhman et
al. [101]. The subplate has a role in (i) the establishment and functional maturation of
thalamocortical connections via projections to the growing cortical plate, (ii) feedback projections to
the thalamus, (iii) the activity-dependent development of cortical columns, which might could result
from gap junctional coupling between radial glial cells and migrating neurons [43,44,144], and (iv)
radial neuronal migration [101]. Indeed, the subplate is ideally positioned for active participation in
the transmission and amplification of information arising from non-cortical structures within the
neuronal network during a critical period in early cortical development. Some pathological situations
(such as hypoxic-ischemic injury) affects the subplate’s functions, structure [154], and interaction
with the endogenous generators [145]. Dysfunction of subplate neurons has been implicated in
neurodevelopmental disorders such as epilepsy as a result of hyperconnectivity, which (during this
developmental period) is mainly related to interactions between the subplate and the cortical plate
[128]. Lastly, the subplate is involved in some forms of drug-resistant epilepsy, in which heterotopy

involves neurons similar to those found in the subplate [83,146].

[FIGURE 4]

It is in the subplate that the first thalamocortical connections are established. The thalamic afferents
“wait” in the subplate before relocating to the cortical plate. The widespread arborization of the
thalamocortical fibres enables synaptic interactions with subplate neurons [85,88,141]. With

relocation of the thalamic afferents, the first synapses in the cortical plate arise after 26 wGA, when



synaptogenesis in the subplate is still ongoing [83]. The presence of thalamocortical afferents and
their synapses with neurons located in the cortical plate constitutes the anatomical substrate for
processing peripheral sensory impulses entering the cortex. This leads to dual, transient innervation
of the brain, with complex interactions between the thalamic afferents and the permanent cortical
plate (which develop continuously) and between the thalamic afferents and the transient subplate
(which disappear around term). These transient dual circuits subserve the amplification and
monitoring of sensory information via feedback loops that progressively arise between the thalamus
and the cortex [125]. The subplate neurons are the first cortical neurons to respond to sensory

stimuli [191].

[FIGURE 5]

The pyramidal cells migrate through the subplate to their final destination. During this crossing, they
acquire information that will be required for their differentiation, synaptogenesis, final destination,
and eventually apoptosis [59]. Synaptogenesis starts deep in the cortex before develop in the surface
layers after 28 wGA [88]. Interneurons develop progressively after the pyramidal cells that they
subsequently control [109]. By 30 wGA, non-myelinated callosal fibres are present in the subplate
[88]and inhibit bursts of electrical activity [72]. Intra- and interhemispheric connectivity starts to
arise in the last trimester of pregnancy (29 to 34 wGA), with the establishment of long and short
pathways [166]. By term, all the major fibre systems are in place [37]. The early laminar organization
of the cerebrum (with a cortical plate, subplate zone, intermediate zone, subventricular and
periventricular zones, and germinal matrix) have been delineated in 25—-27 w GA preterm neonates
[103].

The EEG activity recorded in premature neonates reflects these very dynamic mechanisms
(synaptogenesis, differentiation, migration, gyrification, and myelinization) arising during the third
trimester of pregnancy. Accordingly, it is not surprising that the premature neonate’s EEG changes

week after week as a function of the various ongoing processes (Figure 8).

High-resolution EEG recording in preterm neonates

Specific structural and developmental features must be taken into account when interpretating the
EEG in preterm neonates. Firstly, the absence of gyri means that all the dipoles resulting from
synchronized neuronal activity are oriented much more perpendicularly to the surface of the scalp,
which resulting in a denser electromagnetic field (Figure 6). Secondly, the absence or immaturity of
inter and intra-hemispheric connections among the pyramidal neurons minimizes the dispersion of

the electromagnetic field. Thirdly, the thinness of the skull and the relative absence of an
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intermediate layer make the bone tissue less dispersive [58,60]. Fourthly, the low densities of
neurons and synapses reduce synchronization among neuronal populations inside the cortical
networks. Fifthly, greater bone conductivity facilitates ion transfer to the surface [60,92,148,167] and
allows the recording of deeper dipoles [148,150,177]. Sixthly, the source location (which change with
synaptogenesis during the development of deep and then superficial layers [88]) impacts the cortical
representation of the source. Deep synaptogenesis before 28 wGA is likely to produce positive
cortical surface potentials [86,116] while later superficial synaptogenesis (after 28 wGA) might
induce negative cortical surface potentials [57] (see [160] for a summary of the changes in electrical
field potential elicited by the activation/inhibition of deep/superficial synapses in the central nervous

system).

[FIGURE 6]

As in adults, the cerebrospinal fluid is one of the most important parameters in premature neonates
[7-9,150,182]. In premature neonates, the presence of fontanelles is likely to create an additional
error (of a few centimetres) in the location of the physiological and pathological sources - notably
when these are located under the fontanelles [7,55,95,143,148] Figure 6). A recent simulation study
of a head model of a term newborn highlighted the lack of a celling effect when using 11 to 85
electrodes [167]. Moreover, the optimal interelectrode distance was no greater than 2 or 3 cm [132].
Using 68 electrodes, the HR EEG recordings revealed epileptic discharges that are recorded only
under one electrode: this means that more electrodes are required in neonates than in adults. In
particular, source localization and solution of the inverse problem require the capture of information
from many electrodes [150].Therefore, increasing the electrode number and decreasing the
electrode diameter might be an elegant solution for HR EEG - particularly for premature neonates in
which immaturity has an even greater the impact on the EEG features. Furthermore, the electrode’s
“equivalent” size is related to linkage of the areas of gel around the electrodes. In the future, it might

be possible to minimize this effect by using dry electrodes or electrocorticography strips.

The introduction of HR electroencephalography systems [1,58,106,132,136,148,150,167,184] has
enabled the characterization of spatiotemporal changes in neuronal networks during early-stage
neonatal development. It is now feasible to record an EEG in preterm neonates from 26 wGA
onwards with a 64-channel set-up or from 32 wGA onwards with a 128-channel set-up. Various

theoretical studies have sought to determine the optimum number of electrodes [58,132,148,167].

[FIGURE 7]



In neonates, the linked mastoid montage is better than longitudinal or transverse montages with 19
electrodes [167], the benchmark average montage is best when more than 32 are used, and the
Laplacian montage is best when more than 66 electrodes are used [167]. The latter montage
becomes unreliable at lower electrode numbers because of its sensitivity to edge effects [68,104].
Furthermore, one should be cautious when using the average montage with fewer than 36
electrodes in measurements on premature and full-term neonates [192] because this might
reintroduce very-high-amplitude signals (theta temporal and slow-wave activity (TTA-SW) or delta
brushes) into other electrodes; the high-amplitude signals cannot be minimized by averaging a small

number of electrodes.

Regardless of the recording method per se, the EEGs in premature neonates are frequently polluted
by artefacts such as electrical activity of the eye, heart and muscles, mains electricity noise, etc. With
a view to solving this problem, several signal pre-processing strategies have been used to produce

signals with less contamination and that facilitate identification of “relevant” data.

Since the EEG electrodes record electrical activity generated by all sources in their vicinity (i.e. eye
movements and heart activity), the premature neonate’s EEG signals are regularly contaminated by
electrooculographic and electrocardiographic activities. There are five main strategies for dealing
with EEG artefacts. The first, most direct strategy is to avoid recording undesirable activity. The
correct use of an EEG cap and the presence of conductive gel between the electrodes and the scalp
can remove environmental activity and increase the signal-to-noise ratio. The second strategy is to
use an averaging reference montage; one assumes that the noise in the recording is common
between all electrodes and that the signal of interest is more focal. The third strategy involves
rejecting the parts of the EEG that contain artefacts. The fourth strategy is based on filtering; this is
probably the quickest, most straightforward approach for removing artifacts from the premature
neonate’s EEG. In the fifth strategy, data decomposition methods (such as independent component
analysis) are used to choose the relevant activity and remove -electrooculographic and

electrocardiographic artifacts.

Specific features of the EEG in premature neonates

[FIGURE 8]

Most of our knowledge about the development of cortical activity during the last trimester of the

pregnancy in humans is based on scalp EEG recordings of premature neonates and (more recently)



from fetal magnetoencephalography recordings (see the section of magnetoencephalography
below). The earliest recordings (obtained in the 1950s) had already outlined the characteristics of the
EEG in preterm neonates. This early research was translated rapidly into the clinic for the routine
characterization of age-related normal brain activity, the identification of early dysfunctions in brain
activity, monitoring during treatment in the neonatal intensive care unit, and the definition of
prognostic markers for neurodevelopment. The analysis of EEG features during neurodevelopment

can be based on network-based and generator-based dynamics (Figure 8).

In the first network-based dynamics, the newborn's EEG is characterized by the alternation of bursts
of activity (“up” periods) and quiescent periods (from the Latin verb quiescere, to rest or to be quiet;
also referred to as the “down” period or the interburst interval (IBl). The bursts are composed of
relatively long-lasting, complex activities, the frequencies of which change over the course of
development. These complex activities may include and modulate the cerebral manifestation of the
spontaneous endogenous generators (see below the endogenous generator dynamics section). The
discontinuity should not be confused with the burst suppression observed in certain pathological
situations in the term neonate or adult and which results from different mechanisms [74]. The
physiological discontinuity progressively diminishes during maturation and leads to a “tracé
alternant” at term [35]. Simultaneously, the EEG’s amplitude decreases gradually and the frequency
content increases gradually up to 40 wGA [4,17]. This initial change corresponds to the progressive
implementation of functional interactions within cortical and subcortical neural networks, including
the dual network of cortical plate and subplate neuronal interactions. Similarly, the gradual
development of sleep stages from 28 wGA [29] suggests the presence of early, progressive

interactions between neural networks in subcortical structures and those in cortical structures.

The second dynamic is based on the identification of age-specific cortical and/or subcortical
generators in premature newborns. These generators have different spatiotemporal and spectral
characteristics and appearing sequentially during neurodevelopment. Frontal activities appear at
between 24 and 28 wGA and are followed by TTA-SW at between 26 and 32 wGA, delta brushes
between 29 and 36 wGA, and frontal transient and slow anterior dysrhythmia between 36 and 42
WGA. These generator-based changes result from interactions between thalamic afferents, the
subplate and the cortical plate, which are likely to be related to the functional status of cortical

neural networks (guidance, synaptogenesis, receptor function, etc.).

Network-based dynamics: Bursts (Figure 9 and 10)
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Burst activity in neuronal circuits is considered to be vital for normal cortical development
[12,77,78,127]. Spontaneous discontinuous activity or intermittent activity is observed in many
cortical structures (including the hippocampus and the neocortex) and in many different species. This

activity is present even before sensory mechanisms become functional [78,121,133,156,169,176].

[FIGURE 9]

The burst pattern is not specific to human premature neonates but can also be observed in other
species [25]. Bursts are observed from 20 wGA onwards in premature cortical brain slices and thus
are not directly related to or induced by peripheral stimulation or thalamic afferents [121], at least in
the earliest stages of development. These spontaneous activities are recorded from subplate
neurons. In the developing human cortex at 20 wGA, subplate neurons generate spontaneous,
unprovoked, electrical activity in vitro (duration: 200 ms to 30 s), with sustained plateau
depolarization, bursts of action potential firing, and a slow oscillation pattern [121]. The EEG signal in
preterm neonates might therefore primarily reflect the physiological function of the subplate zone.
Nevertheless, synaptic inputs to subplate neurons are scarce [121] and the various orientations of
the subplate neurons [101] would not favour the generation of an electromagnetic field orientated
perpendicular to the surface of the cortex and that could be recorded by surface EEG electrodes.
Alternatively, the recorded EEG signals might represent the overall output of synchronized
interactions between subplate neuronal networks and migrating pyramidal cells, providing the
ascending pyramidal cells (pyramidal-like and inverted pyramidal-like cells with the main dendrite
with a ventricular orientation [101]) with guidance for gene expression, neuronal migration, axonal
growth, transmitter receptor activation, programmed cell death, the development of mature ion
channels, and synapse formation [120,121,161]. The period of plateau depolarization and action
potentials within the subplate network may be associated with (i) the functional shaping of the
future cortical plate and (ii) establishment of the human cortical network prior to subplate involution

and the formation of thalamocortical synapses (from 26-28 wGA onwards)[85].

In premature neonates, these intermittent bursts increase in duration and decrease in amplitude
with gestational age [4,17,169]. This feature has been implemented in some algorithms for the
automatic characterization of the gestational age of premature newborns [164]. Before 28 wGA,
these bursts are made up of spontaneous activities that are not exogenously sensory-driven in an
immaturely wired brain [115,150]. These intermittent, spontaneous activities are the key functional
drivers of early neuronal development; in animal models, neuron deprivation and the disruption of

these events leads to disorganized thalamocortical connectivity and apoptotic cell death [21,80,168].
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Furthermore, the cortical bursts’ various characteristics (duration and amplitude) predict the long
term neurodevelopmental outcome [67,72]. The bursts’ content can be altered in certain disease
states (i.e. intraventricular haemorrhage) with regard to the time domain, the disappearance of
spontaneous generators, and changes in the frequency content, shape and mean sharpness); these
features are significant diagnostic and prognostic factors for the child’s neurodevelopmental
outcome [72]. This way of characterizing the bursts is efficient enough to predict the outcome (burst

suppression) in hypoxic full-term neonates [72,147].

The dominant frequency and amplitude within the burst

The decrease in the burst’s dominant amplitude and the increase in dominant frequency with age
within the bursts have been studied ever since the first neonatal EEGs were described
[4,134,169,176]. These changes have been attributed to the progressive development of connectivity
in functional cortical networks (see the section on functional connectivity below). This suggests that
the mechanism responsible for continuous activity at these frequencies builds up gradually within

the cortex during the last trimester of pregnancy.

Discontinuity, quiescence, and synchrony (Figure 10)

Apart from a transient asynchronous period between 32 and 34 wGA, burst discontinuity occurs
simultaneously in both hemispheres (Figure 10) [183]. This is suggestive of a general mechanism that
repeatedly modifies the excitability of the whole subplate in both hemispheres at the same time. In
premature neonates, burst synchronization is observed on the EEG from 23 wGA onwards.
Therefore, it is unlikely to be solely based on synchronized thalamocortical afferents or synchronized,
bilateral thalamic inputs to the subplate. Furthermore, interhemispheric connections (notably via the
callosal fibres) [88] are still very immature and do not myelinate until late in the third trimester

[19,40,82,83]. The callosal fibres inhibit the occurrence of some of the endogenous generators [72].

In very premature neonates, interhemispheric synchrony is therefore unlikely to be solely dependent
on callosal connections [110]. Asynchronous activity (“tracé alternant”) has been described in full-
term neonates with corpus callosum agenesis but is not pathognomonic [51], suggesting that
interactions through the corpus callosum are involved in the interhemispheric synchronization of the
“up” and “down” states in full-term neonates [111]. Alternatively, it has been suggested that burst
onset is due to coupling between cortical, corticothalamic and neurovegetative brain structures

(mediated by Mayer-Traub-Hering haemodynamic waves at 0.1 Hz) [152,193]. The burst onset might
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be associated with high-frequency interhemispheric interactions from frontal to posterior regions
[111]. Lastly, the interhemispheric synchronization of the burst onset might well be based on non-
synaptic events, such as changes in pH or the Ca?* concentration or the presence of chemical
compounds that interfere with the activity of connexin (known to modulate the length of time that
subplate neurons spend in the “up” state [122]). Inline, the durations of the bursts and IBIs are
modulated in certain pathological situations (such as intraventricular haemorrhage and anaesthetic
overdoses), although intra- and interhemispheric synchronization is maintained [149]. Furthermore,
cerebral blood flow and cerebral blood volume are modified concomitantly with bursts of activity,
and these changes might precede the burst onset [130,131,149]. As well as highlighting early
neurovascular coupling, these haemodynamic changes also synchronously modify oxygen availability
in the whole brain just before the burst onset [130,131,149]; this might trigger the burst. There are
pathological situations in which cortical bursts can be observed at various ages. These features
should be considered with caution; as mentioned above, the premature neonate’s discontinuous
activity comprises quiescent periods rather than suppressive ones. Nevertheless, in extreme
pathological situations (such as anoxia, with increased lactate concentration) and metabolic
disorders (i.e. nonketotic hyperglycinaemia) the EEG activities might be paroxysmic or considered as
suppression bursts [42]. In such a case, they are always synchronous over both hemispheres. These
synchronizations probably reflect systemic changes in the overall nervous system input, rather than

physiological neuronal interactions at the network level.

[FIGURE 10]

At term, the interhemispheric synchrony consists of coincidental bursts during spontaneous “tracé
alternant” background EEG activity [69,98]. These bursts constitute an important feature in the
normal neonatal brain [69]. The transient asynchrony in the burst occurrence between 32 and 34
WGA might reflect complex, competitive interactions between non-synaptic mechanisms and the
progressive impact of the developing callosal fibres [85]. Therefore, the interhemispheric synchronies
observed before 32 wGA and after 35 wGA might have different underlying mechanisms. One major
feature of the burst is that its different components (generators) are not synchronously recorded
over the two hemispheres. This lability within the burst and between the hemispheres is considered

to have prognostic value [4].

Various approaches have been used to automatically detect the burst in very preterm or extremely
preterm neonates. These approaches are mainly based on filtering, envelope extraction, adaptive
thresholding, or non-linear energy operators (the latter having been validated for premature

neonates before 30 wGA) [22,56,126,129,137,139,140]. An activation synchrony index has also been
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developed for studies of term neonates. It seems to be stable enough to constitute an objective
guide to EEG normality at 36-42 wGA, and has diagnostic value at the individual level [82]. These
approaches are intended to lead to automatic tools that can classify the EEG as normal or abnormal
(for clinical purposes), objectively extract the time and spectral content of bursts of activity, or assess

connectivity.

Spontaneous activity transients (SATs)
Another way to assess the EEG activities is to consider the recording made in direct current mode
(full-band EEG) rather than in alternating current mode [180]. Direct current amplifiers are not
commonly used in clinical settings but the absence of a built-in high-pass hardware filter enables
ultraslow brain waves to be record. These ultraslow, high-amplitude SATs (200-700 pV, lasting 1 to 5
sec) were first described in the “tracé alternant” of near-term premature neonates [179] and were
then described in more detail in premature neonates at 32 wGA [178] (Figure 11). The ultraslow

wave subtending the SAT corresponds to the burst’s direct current envelope.

[FIGURE 11]

The SATs are not oscillatory [176] in that they do not occur in series. They have been characterized as
the coincidence of infraslow (<0.5 Hz) activity containing 1 to 5 repetitions of nested, low-frequency
waves (0.7-1.5 Hz). In turn, these waves contain another set of nested waves at several higher
frequency bands [169,178], which might include TTA-SW and delta brushes [4,153,176,181].
Therefore, SATs have been considered as slow “carrier waves” for burst activities. During maturation,
the SATs arise independently within each area of the cortex and then tend to synchronize loosely at
around 30 wGA. More precisely, consistent temporal synchrony of SATs starts at about 35 wGA, at
the same time as the establishment of callosal connections between the cortical plate and the onset
of long-distance connectivity [169,176]. The SATs can be generated by the cortex alone [2] or in
response to input from the underlying subplate [41]. The SATs' frequency of occurrence and
amplitude decline until term. The age-related decrease in the amplitude of the SAT's slow
component might be related to gyrification, which modifies the orientation of the electromagnetic
dipoles [176]. Lastly, SATs disappear when functional GABAergic inhibition arises [178]. The SAT’s, as
the bursts, are built from a mixture of activities arising from different generators and network
interactions. On the one hand, their presence and their modulation might be related to the
“generator-based dynamics”. On the other hand, the age-related modulation of their frequency and

amplitude might be considered to be related to the “network-based dynamics”.
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Generator-based dynamics
The bursts of activity are composed of waves of different frequencies. They generate endogenous
activity that modulates the formation of functional units [25]. The formation of fetal neural networks
involved in the integration of sensory information is a key element in neuronal development and
depends on intimate interactions between genetically determined guidance and the activity-
dependent refinement of synaptic connections [135,172]. Spontaneous correlated activity is a
ubiquitous feature of the developing nervous system, and is thought to provide a robust source of
depolarization prior to the maturation of neural circuits [50] and for the development of the cortical
columnar architecture [41]. Within a brief developmental period during the last trimester of
pregnancy, the cortical network switches progressively from a subplate-driven, gap-junction-coupled

syncytium to a synaptic network generating synchronized oscillatory activity.

Endogenous generators
Different types of endogenous generator emerge transiently as the brain develops between 24 and
42 wGA. These include frontal activities, theta activities that coalesce with a slow wave (TA-SW),
delta brushes, frontal transient activities, and slow anterior dysrhythmia [4,17](Figure 12). TA-SW
and delta brushes have different generators, functions and spatial locations, and must be considered

separately.

[FIGURE 12]

Coalescence between generators: nested activity
The notion of coalescence (from the Latin coalescere, meaning “to unite and grow with”) refers to
the simultaneous occurrence of two generators, without considering a strict temporal relationship
between them. By definition, nested oscillatory activities represent a specific type of coalescence in
which oscillatory activities with different timescales are coupled together with a strict phase
relationship (Figure 13). These consist of slow waves within which rapid activity of various higher
frequencies is nested: theta band activity for TA-SW, and alpha-beta band activity for delta brushes.
The strength of this relationship is measured using phase-amplitude coupling (PAC) indices [115]. In
adults, it corresponds to precise temporal relationships between modulating and modulated
frequencies in (for instance) the thalamocortical and hippocampal networks during sleep [163]. In

general, the mechanisms underlying PAC lead to specific temporal coupling patterns across several
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frequencies at both local and remote sites [65,71]. These patterns can be modulated by structural
changes [66,151]. Fine-tuning of this coupling between generators might be important for optimizing
the generators’ functional status; hence, any disturbance in this fine-tuning is likely to interact with
the function and structure of the immature network. Phase coupling between generators was
recently characterized in temporal areas (yielding TTA-SW) [115]. This type of interaction has also
been observed (albeit to a lesser extent and during a shorter period of development) in more

frontocentral and parieto-occipital areas.

[FIGURE 13]

The coalescence between theta activities and slow waves
The TA-SW over temporal structures has previously been described as temporal sharp transient [99],
temporal sawtooth [190], or a temporal theta burst [170]. These (normal) activities are not the same
as the (abnormal) repetitive sharp waves seen in the theta range [45]. Recently, coalescence
between theta activity and slow-wave activity in the temporal areas has been identified as TTA-SW
[115,150]. Coalescence between theta activity and a slow wave has also been recorded in fronto-
central and occipital areas (referred to hereafter as FTA-SW and OTA-SW, respectively, see Figure
14). Given that TTA-SW has been studied most intensively, we shall focus on it here. However, it
must be borne in mind that TTA-SW, FTA-SW and OTA-SW are similar patterns of nested activity over
different cortical sensory areas, albeit with slight differences in the frequency content of the slow

and rapid nested activities.

[FIGURE 14]

Time of occurrence
These generators are present from 24 wGA onwards [150], i.e. at a time when thalamic afferents still
project into the subplate and before they are relocated in the cortical plate and establish the first

thalamocortical connections (around 26-28 wGA) [88].

Characteristics and phase coupling

The PAC occurs between the slow-wave generator and the theta activities [115], suggesting that time
and phase dependencies are important for these two generators. TTA-SW arises with an irregular,
negative, slow deflection that has been termed a “blup”, followed by theta activity nested in the first

slope of the first half-wave of an SW [115].
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Location

The coalesced activities appear under temporal electrodes. Source localization suggests that they
may be related to the activation of local neural networks in the temporal planum regions [150]. The
activities’ emergence at the scalp surface during development in the premature neonate suggests
that they reflect interactions between subplate neurons, thalamic afferents, and pyramidal cells
migrating towards their final destinations within the cortical plate [150]. These interactions might be
involved in neuronal guidance, synaptogenesis, and the functional development of migrating cortical
cells. Surface EEG recording detects these complex interactions between the subplate and the
cortical plate. The high amplitude of both slow waves and theta activities is suggestive of the
synchronization of a relatively large population of neurons within a smaller number of cortical
columns because TTA-SW is recorded over very few electrodes in HR EEGs (Figure 15 and 16). Source

localization of the two generators suggests that they are close together [150].

[FIGURE 15]

The mechanisms and their functional roles

The mechanisms underlying the development of these generators in the newborn are still poorly
understood. Studies of TTA-SW in the newborn animal (see below) are not very informative; in the
newborn rat (corresponding functionally to a premature neonate of about 28 wGA), for example,
thalamic afferents are already likely to interact with the endogenous generators. The TTA-SW is
initially independent of exogenous auditory inputs (at least up to 28 wGA [115,150]), which makes
the hypothesis of a cortical spontaneous generator in the subplate more likely. Moreover, TTA-SW
activities are recorded spontaneously and can occur asynchronously in the right and left temporal
regions. The persistence of TTA-SW interhemispheric asynchrony during binaural auditory
stimulation is suggestive of systemic or generalized modification of the excitability threshold (due to
interactions between the sub-plate and the cortical plate) rather than exogenous auditory sensory
inputs processed in the subplate through thalamic afferents (whose endings are still localized in the
subplate in most cases). Given that the auditory nerves cross in the brainstem, it is hard to
understand why they do not generate a bilateral response. Alternatively, and as described in animals
(see the section below), independent, spontaneous, endogenous cochlear or visual waves on each
side might propagate to the sensory cortices through their subcortical or brainstem links [172].
Spontaneous endogenous waves traveling all along the afferent network might be involved in the

elaboration of sensory functions from the sense organ to the cortex. It is also noteworthy that the
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frequency of occurrence and the amplitude of TTA-SW tend to decrease when thalamic afferents

start to relocate to the cortical plate at around 28 wGA.

The PAC between the slow-wave and the theta activities is fixed, suggesting that the two oscillators
are part of a well-oiled horology. Specifically, the theta power is significantly higher during the slow
wave’s descending slope and around its trough (over Fp2-T4) (Figure 13). The preferred phase of this
TTA-SW modaulation clusters during the slow wave’s descending slope, indicating that the theta event
is consistently timed during the slow wave’s cycle. More generally, it has been suggested that
oscillator coupling enhances combinatorial opportunities for storing complex temporal patterns and
facilitates synaptic plasticity [13,20]. In the hypothetical mechanism, the phase of the slower
oscillation reflects greater excitability among postsynaptic neurons; in turn, this synchronizes the
synaptic input and increases the amplitude of the faster oscillations [13]. The coupling between the
phase of the slow oscillation and the amplitude of the theta oscillations in this early neural biomarker

suggests that dynamic networks develop in very premature neonates [115].

Functional connectivity studies
Functional connectivity studies of the TTA-SW have revealed functional connections with ipsilateral

frontal and parieto-occipital structures [1] (see below for connectivity studies in preterm neonates).

Delta brushes in neonates (Figure 16 and 18)
Delta brushes have variously been described as “spindle-delta bursts”, “brushes” [100,188], “rapid
bursts” [34], “spindle-like fast rhythms” [187] and even “ripples of prematurity” [45]. Like the TTA-

SW, the delta brushes consist of a slow wave within which faster activities are nested.

[Figure 16]

Time of occurrence

The delta brushes appear when the thalamic afferents relocate to the cortical plate (28 — 40 wGA),
thus establishing the first functional cortical connections able to mediate sensory information. In the
temporal regions, this feature of the thalamic connections is evidenced by evoked potentials with
much the same characteristics as those described in the adult (albeit with clearly different
amplitudes and latencies) [106]. Thus, during this period of development, auditory stimulation with

phonemes (“ba ba ba”) induces synchronization (evoked potentials) and habituation to the repetition
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of the syllables, just as a mismatch response is observed in response to the presentation of deviant
phonemes (“ba ba ga”) or a deviant voice (male vs. female). This observation demonstrates this early
network’s ability to discriminate between voices and between phonemes as soon as thalamocortical
connections have been established (i.e. before learning can refine the networks’ complexity) and
indicates that innate mechanisms are involved [105,106]. This coding of the physical information in
auditory stimuli involves structures similar to those solicited in the adult, suggesting the early
functional prewiring of the neural networks with a hemispheric dominance or a tendency towards
specific lateralization according to the type of deviation (left for phonemes and right for voices and

slow rate modulation) [28,105].

[Figure 17]

The delta brushes occur in a functional context of early interaction between sensory afferents and
the establishment of the definitive cortical plate, which nevertheless maintains a strong relationship
with the subplate. The delta brushes emerge while TTA-SW decreases in frequency of occurrence and

amplitude.

Characteristics and phase coupling (Figure 16 and 18)

Like the TTA-SW and the theta band, delta brushes correspond to the coalescence of a slow wave
with fast rhythms (in the alpha and beta bands, in this case (see Figure 18). However, delta brushes
differ with regard to the temporal characteristics, frequency, spatial signature, slow-wave pattern
and the phase coupling between the slow-wave and the fast activity. In contrast to the fixed coupling
of the TTA-SW, the alpha-beta activities in the delta brushes are likely to be more widely distributed
in the rising slope or in the peak of the ascending slow wave between 28 and 34 wGA; they then

cover the whole of the negative deflection until term, when they disappear [170,186].

Location

Initially, the delta brushes’ spatial representation in HR EEG appears to be localized (Figure 18).
Towards 28 wGA, delta brush activity is more parieto-occipital than the TTA-SW (Figure 16 and 19)
that sometimes appears during the same period [4]. This observation suggests that the respective
generators have different spatial distributions. Later (soon after 28 wGA), delta brushes can be
recorded over most of the scalp (Figure 16). Ultimately, the TTA-SW appears alone [115,150],

whereas delta brushes can consist of an oscillatory pattern of delta activities within which alpha/beta
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oscillations are nested (Figure 19). Therefore, the slow wave in the TTA-SW is not strictly oscillatory.
These considerations highlight the differences between TTA-SW and delta brushes: the TTA-SW is a
unique: neonate-specific feature that has not been described in animal studies [102].

[Figure 18]
[Figure 19]

Mechanism and functional role

The delta brush pattern changes over time. The brushes are initially relatively smooth with a high
amplitude. The amplitude then decreases gradually as the subplate disappears - suggesting that delta
brushes are linked to complex interactions between the subplate and the cortical plate, which
shrinks during development (see the animal section). In some cases, the fast alpha-beta band
activities at around 28 wGA can be located in the rising part of the slow wave of the spontaneous
delta brushes, which evidences successive interactions between generators (Figure 12). The
complexity of the mechanisms involved requires detailed characterization of the duration, frequency,
and coupling between generators whose functional impacts are potentially very different. These
time, frequency, and coupling variables might vary when the cortical circuitry’s function and

structure are impaired.

According to some studies with visual or automatic feature detection, the probability of occurrence
of the delta brushes between 33 and 40 wGA increases two-fold over a time interval of 2 seconds in
response to somesthetic, auditory or visual stimulation; this change is suggestive of facilitation by
sensory stimuli [23,25,75]. The lability in the delay of onset following sensory stimulation suggests
the presence of complex interactions between thalamic inputs and cortical networks that might
involve the subplate. The delta brushes’ probability of occurrence decreases with development
[23,75]; the delta brushes might thus have a transient functionality. This complex interaction
disappears as the subplate disappears and/or the peripheral sensory inputs become more intense.
The delta brushes’ functional role has been mainly studied in animals (see the section below on

newborn animals).

Delta brushes in newborn animals
In vivo and in vitro studies have revealed that synchronized neuronal activities in the immature
cerebral cortex (such as spindle shape oscillations) in newborn rats are a self-organized patterns
generated by intrinsic mechanisms driven or modulated by various different simultaneous or

successive factors [78]: (i) peripheral exogenous inputs [25,61,81,195]; (ii) spontaneous activity in the
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sense organ, (iii) spontaneous thalamic activity directed to the subplate and mediated by calcium
waves [123], (iv) spontaneous generation by intracortical circuits [61,78,112,165], and (v) activation
by different metabotropic receptors (for a review, see [26,78]. These complex interactions suggest
that in functional terms, the immature network progressively switches from a subplate-driven, gap-

junction-coupled syncytium to a cortical synaptic network [41].

Studies in newborn animals (the rat, mainly) have evidenced described electrographic patterns
similar to those recorded in preterm neonates at between 29 and 31 wGA [25,75,79,114,194]. A
large body of evidence indicates that the delta spindles or spindle bursts observed in animals
correspond to the delta brushes described in the human neonate (the spindle/brush frequency;
coalescence with a slow wave; spontaneous and sensory-driven aspects; and the spatial distribution)
even though the slow wave’s amplitude is lower than what is observed in animals [25]. Unlike
premature neonates, however, rats show spindles with a broader frequency signature (ranging from
the alpha band to the beta band) [25]. In animals, multi-unit activity recording [195] has identified
three specific patterns: (i) Spontaneous and periphery-driven 10 Hz spindle bursts lasting 1-2s and
occurring approximately every 10 s; (ii) spontaneous and sensory-driven 30-40 Hz gamma
oscillations lasting 150-300 ms and occurring every 10-30 s. (iii) high-amplitude (250-750 mV)
lasting up to 40 s and occurring every 20 min or so. The spindle bursts and gamma oscillations are
spatially confined and synchronize spontaneous activities in either a wide or restricted column-like
neocortical network, whereas the long oscillations synchronize larger ensembles. Hence, these
activity patterns synchronize the local developing networks and may propagate over large regions,
including neocortical areas [78]. GABAergic and glutamatergic signaling underlies cortical spindle
bursts [79,113,195]. Multi-unit activity recordings indicate a source deep in the neocortex and a sink
in the subplate, as has been described for slow waves within which the delta spindles are nested

[79,195]).

The delta brushes’ probability of occurrence increases in response to various somatosensory, visual
or auditory stimuli (for a review, see [81]). In view of the spontaneous endogenous activity at the
sense organ (i.e. the visual system), these oscillations are strongly correlated with the retinal waves,
the blockade of which halves the frequency of the spindle burst [61] in much the same way as
peripheral deafferentation [195]. Hence, even though sensory input is not the only trigger for these
activity patterns, it substantially drives and modulates neocortical activity [81]. This was confirmed
by a very elegant study by Murata and Colonnese [125]. By simultaneously recording the visual
cortex (VC) and lateral geniculate nucleus (LGN), silencing the retina, the LGN or the VC, or
optogenetically stimulating the VC, the researchers found that (i) 80% of the spindle burst oscillations

recorded in the VC require the thalamus and the retina, (ii) the transmission of retinal waves requires
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corticothalamic feedback, (iii) the VC’s role in this feedback loop is initially limited to amplification
but then develops to amplification and transformation of the retinal input into LGN, (iv) the role of
corticothalamic feedback is limited to the period of the retinal waves and, lastly, (v) this feedback
excitation specifically amplifies the spindle bursts’ oscillations. Similarly, in the auditory cortex,
spontaneous activities from the cochlea are transmitted through the auditory nerves to the colliculus
before the onset of hearing [172]. Furthermore, [10] the silencing of cochlear information during in
vivo imaging of changes in neuronal calcium levels in newborn mice before hearing onset
demonstrated that (i) the spontaneous activity in the inferior colliculus originates in the cochlea, and
(ii) the spontaneous activity originating in the cochlea propagates to the auditory cortex. As in the
study in rats [125], they suggest a role of amplification of the sensory information’s from the
thalamus to the cortex at this period of development. However, in contrast to Murata and
Colonnese’s results, the activity of the inferior colliculus in this pre-hearing model is not greatly
modulated by descending projections from the auditory cortex - although the studies differed with
regard to the developmental age, the recording system, and the animal model. Taken as a whole,

these data suggest that sensory input processing is coordinated throughout the entire neural system.

Furthermore, spindle bursts become more frequent after callosotomy [107], suggesting that the
corpus callosum fibers convey inhibitory interhemispheric information to the spindle burst
generators. Likewise, similar oscillations are recorded in reduced-brain preparations in vitro, which
indicates that isolated neocortical neuronal networks are capable of generating spindle bursts
[81,195]. The subplate, gap junctional coupling, and NMDA receptors might also be involved in the
genesis of these oscillations [196]. In the earliest stages of development, the subplate’s role is
complex (for a review, see [26]). The presence of the subplate is required for generation of the
spindle bursts [168]. The subplate might amplify the transmission of thalamic oscillations towards the
cortex in early development[62] and might be involved in the thalamocortical loop later in
development [26]. The thalamus and subplate appear to be active areas that transform the incoming

sensory signal into network oscillations within the cortex [81].

The TTA-SW that appears at 24 wGA in premature neonates has not been described in animals; this
would probably require early recording in the rat (before PO, the equivalent of 27-28 wGA in
humans). Regardless of the age, however, surface EEGs in the premature neonate reflect the
complex interactions between the thalamus, the subplate and cortical plate as part of a developing,

dynamic network.
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Frontal sharp transients (Figure 20)

Time of occurrence

These activities (first described by Monod as “encoches frontales” [118] are observed around term.
They are more frequent in active sleep (AS) [148] and at the transition from AS than in quiet sleep
(QS). These transients are usually bilateral and synchronous, although asynchrony should not

necessarily be considered as abnormal [27]. The features disappear at around 43-44 wGA [4,17].

[Figure 20]

Characteristics

The frontal sharp transient corresponds to a biphasic or triphasic wave that varies between 36 and
41 wGA - attesting to changes in the underlying mechanisms. Although these transients have not
been extensively studied, they are empirically considered to be of high predictive value because they
are generally absent in extremely abnormal EEGs [6,118]. There is no evidence of sensitivity to
exogenous stimulation. Unlike TTA-SW and delta brushes, coalescence with a rapid activity is not

apparent but still needs to be investigated.

Location
Source localization is difficult because the frontal sharp transients can occur simultaneously in both
hemispheres. Localization performed on a few isolated, unilateral, frontal sharp transients returned a

dipole located in a retro-ocular position within the frontal lobe [148] .

Mechanism and functional role

One might consider that frontal sharp transients can be generated in the well-laminated retina
(which builds up well-orientated electromagnetic fields), rather than in the cortex. The frontal
transients first appear as the time when the photoreceptors mature. The concomitance of the frontal

sharp transients and the underlying retinal process might be of relevance.

The impact of sleep stages on spontaneous activity in

premature neonates
The vigilance states AS and QS develop progressively from 28 wGA onwards ([29]; see Bourel-Ponchel

et al [17,18]for a detailed description of sleep stages in premature and full-term neonates) and affect
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the duration and frequency content of bursts and IBIs and the probability of occurrence of specific
generators within bursts, such as frontal sharp transients [27], TTA-SW, and delta brushes [4]. The
TTA-SW and delta brushes persist longer in QS than in AS [4,93], which suggests interactions between
the subcortical networks involved in sleep and the mechanisms that increase the probability of
occurrence of certain specific generators. The vigilance states also modify the discontinuity that
persists during AS up to 32 wGA and which will persist during QS until the end of pregnancy as a
“tracé alternant” [4,17]. Furthermore, some abnormalities (such as positive Rolandic spikes and
excessive discontinuities) are more pronounced and more easily identifiable in QS than in AS. This
modulation of brain activity by the vigilance state suggests that the subcortical neural networks can
significantly influence and interact with the thalamocortical networks, as evidenced by analysis of the
surface EEG. It is therefore important to (i) record the brain activity of premature neonates in the
different vigilance states, and (ii) identify and accurately characterize the discontinuity, temporal

characteristics, and content of bursts of physiological and pathological spontaneous activities.

Many sensitive, specific algorithms for the automatic detection of vigilance stages in term and

preterm neonates have been developed [5,29,56,94,142,174].

Connectivity analyses

The connectivity analyses performed during different periods of development have highlighted
functional alterations in interactions within complex networks. In premature neonates, structural
alterations (e.g. the size, complexity and structure of grey and white matter) might therefore have a
functional counterpart in terms of connectivity [11]. Nevertheless, functional connectivity in
premature and full-term neonates must be interpreted with caution. The analytical methodology
must be appropriate for the neonate’s level of immaturity and specific features, for several reasons.
Firstly, the premature neonate’s neuronal networks are driven by spontaneous endogenous
generators that are not synchronously located in both hemispheres — in contrast from the network-
based activity observed in adults. Secondly, the activity is strongly driven by thalamic afferents that
relay either spontaneous generators located in the sense organ and/or sensory afferents when the
organs are stimulated (notably outside the womb). Thirdly, the characteristics of the EEG at this early
stage of development are mainly related to its discontinuity, which is synchronous on both
hemisphere (except at around 34 wGA) and thus differs from the continuous neuronal activity
recorded in adults. Fourthly, immature intrinsic activity is generated in thalamocortical circuits.
Fifthly, neurovascular coupling is present but immature [105,131,149]. The immature haemodynamic

response to the burst of activity is complex and differs from one premature neonate to another. The
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response is combined with a positive or negative canonical blood-oxygen-level-dependent response
(i.e. an increase or decrease in cerebral blood flow alone or an increase or decrease in cerebral blood
volume alone). Both types of response can be observed in a given premature neonate [131], which
makes connectivity analyses (based on the blood-oxygen-level-dependent response) difficult to
interpret. In general, functional connectivity analyses in premature neonates should (i) take account
of these specific brain activity features in early stages of development and (ii) use measurement
technique with a high time resolution (e.g. HR EEG, rather than rely on neurovascular dynamic

Ill

studies. Therefore, thalamocortical “resting state” activity (as described in adult) is probably absent
or barely present in preterm neonates [24]. In premature neonates, “resting state” cortical activity
(or, more appropriately, cortical activity at rest) is driven by the establishment of networks and
results from interactions between the subplate, the cortical plate and thalamic afferents that might
be influenced by direct input from the sense organs. This departs from the notion of the “resting

state” as described in the adult, where the thalamocortical loops correspond to networks involved in

internal tasks or cognitive functions [15].

Although the spatial topology of brain function is very complex, it is generally believed that brain
networks evolve from a local architecture in neonates (dominated by frontal, temporal and parietal
regions) to a more diffuse topology in adults [31,49,157,162]. The results of functional connectivity
analysis in term neonates (measuring either frequency-specific amplitude correlations or phase
synchronization) strongly suggest that the functional organization of brain networks in term
neonates is dominated by the short-range connections and is highly centralized: shorter central
pathways are combined with more peripheral nodes in the frontal, temporal and posterior regions
[1,136,171]. Hence, as the brain matures, communication between more distant brain regions
become progressively functional. The neuronal system appears to evolve from a more random
network into a more ordered, “small-world” network [14,136,157,167,171], in line with the relative
immaturity of direct anatomical connections between remote cortical sites at this age [38]. The
various studies also suggest that this functional connectivity is frequency-specific organization
[136,167,171]. A “small-world” network has an optimal balance between separate and closely spaced

brain areas or, in other terms, between segregation (clustering) and integration (path length) [162].

Interestingly, Omidvarina et al.’s study of functional connectivity in premature neonates [136]
evidenced a “high mode” (bursts of activity) and a “low mode” (quiescence) described in premature
neonates. The researchers also found that the interhemispheric amplitude relationship was
significantly stronger in each pair of signals during the high mode; they suggested that long-range
connectivity is preferentially established during brief periods of endogenous network activity (i.e.

with burst), even though a simultaneous increase in both hemispheres might be related to other
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mechanisms (see the section on bursts). Lastly, functional connectivity was more ordered in high

mode (similarly to the “small-world” network) than in “low mode” [136].

Connectivity of the TTA-SW

In premature neonates at 31 wGA, the influence of TTA-SW on the spatial organization of the early
preterm network has been evaluated using 64-channel electroencephalography (Figure 21) by
measuring the power envelope correlation of orthogonalized signals [1]. TTA-SW in the left temporal
region induced an increase in functional connectivity with left frontal areas and left parietal areas,
while TTA-SW in the right temporal region was associated with an increase in functional connectivity
in that region only. The observation of long-range functional connectivity between the left frontal
and left parietal areas suggests that they (along with the temporal region) form a basis for coherent
neuronal activation across distant cortical regions. It also suggests that these frontal and parietal
areas have a special functional relationship with the perisylvian regions. The regions of interest and
the connectivity supports the hypothesis in which endogenous generators are involved in auditory
tonotopia and/or the elaboration of the perisylvian networks’ functions - especially those related to
auditory function, language, and communication in a broad sense [1]. Interestingly, similar patterns
of coalescence between a slow wave and theta activity are observed over other sensory areas (CTA-
SW in central areas, and OTA-SW in parieto-occipital areas). Hence, coalescence between TA and SW

might be a general mechanism for sensory processing in a developing network.

In view of (i) similar generator patterns for coalescences over different sensory areas (namely the
temporal, central and parieto-occipital areas) and (ii) the modulation of connectivity with frontal and
parieto-occipital areas by TTA-SW [1], one can hypothesize that such coalescent generators are
involved in a “proto-resting state network” (regard to the caution required when considering a
notional resting state network in premature neonates). Consciousness can be defined simply as
awareness of one’s body, oneself, and the outside world [138]. Neonates have various modules of
consciousness that arise from visual, auditory, sensorimotor and proprioceptive sensing [138]. The
modules gradually unify during development to form a single consciousness [70]. It remains to be
determined whether TA-SW generators in different sensory areas are involved in this very initial

creation of bodily awareness and thus consciousness.

[Figure 21]
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A connectivity approach might be of value for monitoring brain dysfunctions in which abnormal
connectivity has been described (i.e. autism)[30] Analyses of connectivity (i.e. amplitude-amplitude
coherence and phase-phase coherence between two areas) have highlighted dysconnectivity of the
frontal cortical network in premature neonates tested at term-equivalent age, relative to term
neonates [167]. This confirmed the results of a functional MRI study that reported altered
connectivity in the preterm brain tested at term-equivalent age [11,158] and MRI studies describing
significant alterations in the size, complexity and structure of white and grey matter in preterm
neonates relative to term counterparts [16,36,76,96]. This dysconnectivity might constitute the
structural and functional basis of the neurodevelopmental disorders subsequently observed in

premature neonates [185].

Aspects of magnetoencephalography in fetuses

Fetal MEG provides an opportunity to record the fetus’s brain activity in his natural in utero
environment; this mitigates the effect of premature birth and the environment (i.e. the neonatal
intensive care unit) on the developing neuronal networks. Furthermore, magnetoencephalography
and electroencephalography are complementary because they record different aspects of the

electromagnetic field.

Magnetoencephalography has notably been used to investigate spontaneous brain activity in fetuses
of between 27 and 39 wGA [175]. The characteristic EEG features described in the premature
neonates (such as delta brushes, transient bursts and “tracé alternant”) were also recorded in utero
[47] (Figure 22). It should be noted that as in standard EEG of premature neonates, in MEG, the
occurrence of discontinuity and delta brushes decreases by 35 wGA - suggesting that the fetal brain
matures in much the same way as in the premature newborn. Furthermore, prenatal auditory
evoked potentials [33] and visual evoked potentials [48] have been recorded in functional
magnetoencephalography studies; indeed, discriminative responses to auditory stimulation in
fetuses have been reported as early as 30 wGA [32,155], which corresponds to what is seen with HR
electroencephalography in premature neonates at 28 wGA [105,106]. Alterations in functional
evoked magnetoencephalography responses have been reported for certain abnormal fetal or
maternal situations; for example, visual evoked potentials are perturbed in cases of intrauterine
growth restriction [124], and auditory evoked potentials are impaired in gestational diabetes [96].
Furthermore, intrauterine growth restriction is associated with cognitive alterations at the age of two
[63]. Furthermore, there is initial evidence to suggest that maternal drug supplementation directly

affects spontaneous brain activity in the fetus [46].
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[Figure 22]

Functions of immature networks

The presence of spontaneous oscillatory activities - whether modulated or not by endogenous
activities originating from the sense organ (i.e. retinal waves or cochlear waves) or by exogenous
somatosensory, auditory or visual sensory stimulation - in many species suggests that this oscillation
has a role in the maturation of neural networks. A neural network’s connectivity results from genetic
factors, spontaneous electrical activities, and (when the system is afferented) evoked responses and
network interactions. Spontaneous TTA-SW before 28 wGA provides electrical input to the functional
and structural wiring of the immature network in the auditory cortex [1,115,148,150]. With regard to
the functional network that develops (at least in part) from the endogenous TTA-SW (rather than
sensory driven TTA-SW) from 28 wGA, the encoding of auditory stimuli might be subtended by a
variety of potentially complementary processes. One response resembles the classical evoked adult
response (occurring within 400 ms of the stimulus), and the other corresponds to the modulation of
endogenous activity. The first response includes synchronization, habituation and mismatch
[105,106]. The second response is likely to be induced, and consists (according to Colonnese et al.) of
gamma burst/delta brush activity with longer, variable latency (more than 400 msec) [25]. The
evoked response is likely to develop into the adult response, whereas the induced response starts to
disappear progressively around term. This suggests that the two parallel procedures might have
different functional targets (spontaneous TTA-SW, induced delta brushes, and evoked responses)

with different time courses.

These spontaneous activities participate in the basic mechanisms that develop within the neocortical
network. The developing neuronal networks are fined-tuned by neurogenesis, cell death, cell
migration, neuronal differentiation, and the development of functional synaptic pathways (i.e. the
refinement and maintenance of visual and tonotopic maps, somatotopic organization, and barrel
formation) [113,173]. In the sensory neocortex, for example, spontaneous correlated activity
generated before the onset of sensory inputs may be essential for the functional development that
prepares the areas to process incoming information [53,108,189]. Furthermore, fine-tuning and time-
domain relationships between the different generators (i.e. the coalescence between theta activity
and slow waves or between spindles and slow waves) might help to optimize the functional
complexity of this immature network. It is known that early sensory deprivation and subplate
removal have dramatic effects on the structural and functional development of the corresponding

cortical networks [168]. Impaired fine-tuning of the various mechanisms at different steps in
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neuronal development is likely to be responsible for neurodevelopmental disorders that are revealed

when the sensorimotor and learning abilities start to develop [185].

Conclusion

Appropriate neural dynamics are essential in situations with significant neurodevelopmental risk,
such as prematurity. The various elements required for normal development of the brain attest to
the establishment of a large number of cortical and subcortical networks involving the thalamic
afferents, the subplate, and the cortical plate. With advanced signal processing techniques, it is now
possible to characterize the endogenous generators that give rise to functional neural networks and
help the latter to develop. Although much research on the significance of each of these parameters is
required, this type of knowledge is important for improving the management of premature
neonates. Nevertheless, the results of animal studies have highlighted the importance of the correct
establishment of neural networks in the early stage of development. The spontaneous generators
(some of which are sensitive to peripheral stimulations) are involved in the establishment of
somatotopic, tonotopic and retinotopic maps. One can reasonably hypothesize that disturbance of
these early interactions causes significant dysfunction in the corresponding sensorimotor and
cognitive modalities. In turn, this dysfunction might contribute to the onset of well-known, frequent

neurodevelopmental disorders in the premature neonate [185].
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Legends for figure

Fig. 1. Schematic representation of the main cortical histogenic and neurogenic events and their intensities at
different stages of development in human. Note the predominance of proliferation and migration during the
first trimester of pregnancy, the growth of axons and dendrites during the second and third trimesters, and
prolonged synaptogenesis, myelination, and neurochemical maturation in the postnatal period. (Kostovic et al.,
2019)

Figure 2: Comparison of normal EEGs in a 14-year-old child and a 25 wGA premature neonate

Figure 3: A: HR EEG with 64 electrodes in a 25 wGA premature showing the TTA-SW over left temporal
electrodes B: Bipolar montage, C: Amplitude topography of TTA-SW

Figure 4: The subplate (in yellow), cortical plate (in green) and thalamic afferents (in red) at different
gestational ages (adapted from (Kostovi¢ & Judas, 2010))

Figure 5: A: Schematic of inputs to the cortical and subplate neurons likely to modulate the excitability of the
neuronal network at both, generator based and network based dynamic levels. This includes intra and
interhemispheic fibers, thalamic afferents to the subplate before 28 wGA and to both the subplate and the
cortical plate after 28 wGA. Note also the effect of non-synaptic environment (hemodynamic and/or metabolic)
that might also modulate the threshold of bursts or activation of endogenous generators. B: Schematic of
changes in thalamo-cortical and subplate circuits in the developing ferret auditory cortex. At a young age, the
subplate receives thalamic input and projects to the cortical plate. The sensory organs are not fully functional at
this early stage (in grey) but might convey spontaneous endogenous activities from the immature sensory
organs to the subplate neurons. Later in development, the thalamo-cortical afferents innervate the cortical
plate, and the subplate neurons receive input from the cortical plate. The sensory organs are functional at this
stage (in black). (Adapted from (Wess et al., 2017)). C: Occurrence of defined sleep stages from 28 wGA. D:
schematic representation of the modulation of the sleep network on the background activity, including the
discontinuity or the occurrence of bursts.

Figure 6: A: The dipoles in the premature brain are mostly radially oriented. B: Impact of fontanelles on the
magnification factor in the forward model (Azizollahi et al., 2016) and on source localization in the inverse
model (Azizollahi et al., 2020 a and b). The maximum error caused by the presence of a fontanelle is measured
over the temporal pole and beneath the central fontanelle.

Figure 7: High-resolution HR EEG recordings with a 128-electrode set-up in twins (32 wGA) (personal data).

Figure 8: Summary of EEG maturation in premature neonates (adapted from Wallois et al., 2010). N: Network
based dynamic. G: Generator based dynamic

Figure 9: EEGs recorded at different ages and during different sleep stages (personal data)

Figure 10: A: An EEG recorded in a premature neonate (28 wGA), showing a quiescent period and the synchrony
between the hemispheres with asynchrony between oscillators. B: A HR (64-channel) recorded in a premature
neonate (28 wGA), showing the asynchrony between the hemispheres and between the oscillators (personal
data)

Figure 11: Spatiotemporal features of the scalp EEG during quiet sleep in a preterm baby (32 wGA). (A) Scrutiny
of the full-band EEG demonstrates that most of the electrical activity at this age is composed of high-amplitude
SATs lasting for up to several seconds. Conventional filtering (>0.5 Hz) eliminates the characteristic slow
component of SATs. (Vanhatalo et al., 2005a)

Figure 12: Normal oscillatory activities recorded at specific gestational ages (personal data)

Figure 13: A: EEG recorded in a premature infant (age 25 wGA; band-pass filter: 0.5-20 Hz). A TTA-SW event is
clearly seen over FP1-T3 and T3-O1. B: The unit circle of preferred phases of SW to TTA modulation in 25
newborns. The preferred phases of SW to TTA modulation is around the trough of SW, as shown by the red line.



C: Event-related histograms showing the timing of the beginning of TTA events in relation with the trough of the
SW. D: Grand average of SW trough—locked time frequency representation (zero at SW trough) (adapted from
Moghimi et al. 2020).

Figure 14: Top EEG recorded in bipolar (top) or HR (bottum) montage in a 27 WGA showing in TTA-SW, TO-SW
and CTC_SW (personal data)

Figure 15: A: TTA-SW recorded in High Resolution with an average montage in a 31 wGA premature neonate.
Inlet: Zoom on temporal electrodes. B: Bipolar Montage showing the TTA-SW over the right temporal areas. C:
Topoplot of the TTA-SW at the peak of the TTA. D: Source localization of the TTA (Routier et al., 2019). Note how
TTA-SW are restricted to temporal area.

Figure 16: A: High resolution EEG Showing the TTA-SW (green inlet) and diffuse Delta brushes (blue inlet). B:
Low resolution bipolar EEG showing the TTA-SW (green inlet) and the diffuse Delta Brushes (Blue Inlet. C:
labelling and position of the electrodes. Note that the TTA-SW are not located on the same electrodes than the
Delat Brushes

Figure 17: Optical imaging of the neuronal network activated in response to phonemes and voices in 28 wGA
premature neonates (Mahmoudzadeh et al., 2013). B Repetitive stimulation of phonemes induces
synchronization and habituation (B1) and a specific lateralized Mismatch in response to voice and phonemes
(Mahmoudzadeh et al., 2016) (A) and personal unpublished figures (B)

Figure 18: A: High Resolution EEG with 128 electrodes showing localized delta brushes in a 32 wGA premature.
B: Low resolution bipolar EEG showing focal Delta Brushes. C: Topoplot of the slow wave of the Delta Brushes

Figure 19: High Resolution EEG using 64 electrodes at 28 wGA showing TTA SW (red) followed by a focal Delta
Brushes (green and finally a diffuse Delta brushes with an oscillatory pattern (Blue).

Figure 20: A and B High resolution EEG with 128 electrodes in a 40 WGA full term neonate showing right
hemispheric frontal transient (A) and bilateral frontal transient (B). C: Bilateral slow anterior dysrhythmia. 14
first blue traces: Right frontal area, 3 green traces: Midline frontal area, 15 red traces: left frontal area. D:
Amplitude topograhy of the isolated right frontal transient.

Figure 21: Functional connectivity pattern during TTA-SW. Comparison of functional connectivity during TTA-SW
(DT) and before TTA-SW (BF) in the theta band (4-8 Hz) revealed (a) functional connectivity in the left temporal
region of left TTA-SW subjects’ group and connectivity from the left temporal region to the frontal and posterior
regions. (b) Right TTA-SW subjects also presented significant FC in the right temporal region and from the
central to the frontal regions (Adebimpe et al., 2019)

Figure 22: MEG tracings at 33 weeks of gestation. (a) Segment showing existence of delta brush activity. (b) A
cartoon of fetal position as observed by ultrasound. (c) Isofield map of the magnetic activity. (Eswaran et al.,
2007).
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